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ABSTRACT 


Fracture studies are conducted on a high strength 

low alloy steel. The concept of J~integral in elasto-plas tic 

fracture mechanics, is used to determine the fracture creite- 

rion. Slow three noint bend tests are carried out on machined 

and notched specimens and the value "^f J. and determined 

11c 

from the area under the load-displacement curve. In continua- 
tion with an earlier vvork, the bend tests are carried out in 
the temperature range of 440°C to 730°C , thus completing a 
series of J measurements from about - 77°K upto the inter- 

critical region. With a knee around the ductile to brittle 
transition temperature, J<| values increases upto 490°C and 
followed a sharp decrease upto 730°C. Direct tensile and charpy 
iinpact tests era also carried out over the same temperature 
range and it is found that thvi values correlate well with 
other mechanical properties such as CVN. The values versus 
temperature plot shows three distinct regions, namely, the 
initial sharp rise in J.| values from 0° to 1 00°C , plateau 
region between 30°C to 230*^0 «^nd finally sharp rise upto 
490°C. The lower value of the transition temperature (about 
35°C) found in J tests are compared with that from CVN from 
an earlier investigation has been attributed to the differe- 
nces existing between dynamic and static fracture toughness. 
The values obtained from a direct conversion of the 
values compare well with those reported in literature. 
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The results also report effects of various conventional 
heat treatments on . Micros true tural investigations 
are undertaken in and around the fracture zone using 
Tiiivi, MPA and to know the effect of microconstti- 

tuents on fracture toughness. 



ChlAPTaR 1 


INTRODUC TION 


1 .1 . GENERA L t 

Hiqh strength low alloy (HSLA) steels can be 
processed carefully to produce a fine grained ferrite ~ 
pearlite microstructure with an attractive combination, 
of strength and fracture toughness. Microalloying 
additions of strong carbide and nitride formers nrovide 
precipitation hardening and assist in grain refinement. 

The resultant microstructure has high resistance to 
cleavage, a low transition temperature and cold f onmability, 
and excellent resistance to both opening-mode and shear- 
mode ductile fracture. All these can be obtained from 
simple laboratory tests on small soecimens. Most of the 
fracture-toughness testing of f errite-oearlite HSLA steels 
to date has involved the resistance of the steels to bri- 
ttle fracture at low temperature, because of their use 
in gas pipelines in arctic environments. Thus, most of 
the available fracture toughness data are from charpy 
impact tests, drop-weight tests, and most o-f" the know- 
ledge of microstruc tural effects concerns the DBTT 
(ductile-brittle transition temperature) and dynamic 
toughness. But these methods donot always give clear- 
cut transition temperett.’re and they ignore the influence 
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of flawsize, shape and of the stresses in tl%e structure . 

In 1920y Griffith formulated the theory iwhiijh stated that 
an existing crack would oropagate if the total energy of 
the system would thereby bo lowered. In 1957,, Irwin 
modified Griffith's theory, according to which fracture 
occurs when the stresses near the crack tip reach a criti- 
cal value depending upon the material. Griff ith-Irwin 
concept was subsequently modified. The linear elastic 
fracture mechanics ( LGFM) approach provides ouantitativo 
expressions for the fracture stress in terms of crack size 
and shape and loading conditions. But at higher tempera- 
ture, this concept becomes unrealistic because materials 
start behaving plastically near the crack tip. The inclu- 
sion ‘of elasto-plastic deformation behaviour has then 
led to the development of important concepts like the 
crack opening displacement (COD) and J-integral which give 
an one-par amet jr creiterion for the fracture toughness of 
the material. 

In the prjs.jnt investigation, since the material 
is ductile we have on ted for the J-integral techniaue. The 
method is simpler to carry out and the interpretation of 
the results are exact and without much error. This method 
is also eminently suited for high temperature fracture 
toughness measurements. 
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Slov» ben<'’ tests ore carried out to determine 
the J-values, by using the method popularly known as the 
J-estimation procedure. HSLA steel in our study exhibits 
dynamic s train ageing between 30°C and 230®C and the 

J versus temperature plot shows a plateau in this region. 

The temnerature denendence of J has been correlated to the 
properties in direct tensile tests and charpy impact tests. 

The microstruc tural investigations were carried out using 
optical T£iA techniques and detailed fractography was done 
by using S£M and Hi'APA to correlate the fracture character- 
stics with microstructure, 

1 .2 LINEAR ELASTIC FRACTURE MECHANICS 
1.2,1 E nergy Balance Approach to Fracture 

Griffith [ 1 ] frist pronosed the energy balance 

approach for the study of fracture mechanics. He explained 
that a brittle material contains a population of fine cracks 
which produces stress concentrations of sufficient magnitude 
so that theoretical cohesive strength is reached is loca- 
lized regions at a nominal stress v\hich is well below the 
critical theoritical value. According to Griffith, 'A crack 
will propagate will propagate when the decrease in elastic 
strain energy is at least equal to the energy required to 
create the new crack surface'. This was a significant 
step towards the establishment of a relationship between 
failure stress and crack length. Griff ith ' s equations is 
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a 


?EYs 1/2 

J.) 

%c ^ 


^ ( 1 ) 


Where a is the stress required to pronagate a crack in 
a brittle material, E is the Young's modulus, y c Is the 
surface energy c is the crack size. 


For plastically deforming materials, Orowan 
2 8, 3 suggested that the Griffith equation would 
be made more suitable with brittle fracture in metals* 
by the inclusion of a term expressing the plastic 
work required to extend the crack. 

^ _EY. 

" c 


= [ -^1^-] =# ( -li) 


%c 


( 2 ) 


The surface energy term y can be neglected as compared 

W 

with y . 

' p 


Orowan pointed out that the aonroech would be 
valid only if plastic deformation was confined to thin layers 
adjacent to the crack walls. He demonstrated, that fracture 
stress was inversely proportional to the square root of 
crack length by the modified theory. However, the value 
of calculated from these results was three to five 
times that to be expected from the X-Ray analysis of 
fractured surface. He concluded that these results would 
be better explained using a crack tip characterizing para- 
meter approach. 
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But accroding to Irwin, fracture would occur 
when the strain energy release rate reached a critical 
value if the nrocess was essentially si'nilar for diff- 
erent loadings and geometries. This critical value could 
be regarded as a material nroperty to be determined for a 
fracture test. Irwin and kies [4 ] noted that the strain 
energy in on elastic body could be represented by the 
relationship 

U = (3) 

where Q is the characterizing force and C the compliance 
of the body, i.e., the displacement at the point of appli- 
cation of Q. 

So the strain energy release rate, with respect 
to crack extension, can be calculated as, 


da 


1 

2 


be 

^ SI 


( 4 ) 


By measuring the compliance of a test specimen, 

or a component model, with various crack lengths the value 

Ac 

of as a function of crack length could be obtained. 

A fracture test could b,’ interpreted by evaluating at 

0 3 
A c 

fracture using the fracture load and the value of for 

oa 

appropriate? crack length. 


Irwin [5] proposed that critical strain energy 

release rate could be regarded as a force. In these terms, 
fracture was described os a rate controlled process driven 
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by this force, which was defined as the irreversible 
energy loss per unit area of newly created surface. This 
force, denoted by G ( after Griffith ) would have a criti- 


cal value, G^, when a crack starts to propagate. 

There is a strict equivalence between the strain 
energy release rate concept G, and the stress intensity 
approach for limited plastic deformation. Thus the tech- 
niques available for determining stress intensity factors 
are equally valid for determining G. However, in situa- 
tions where extensive plastic deformation takes place 
prior to failure the relationship between an energy 
balance approach and a crack tip environment approach 
becomes more toniious. 

1.2.2 S tres s Intensity Factor Approach to Fracture 

The previous suction discussed about the development 
of fracture mechanics on the basis of an energy balance 
approach. The fracture phenomena which focuses attention 
the mechanical environment near the tip of a crack was deve- 
loped by Irwin and is generally known as the stress intensity 
factor approach. 

3 ) Fracture Modes 

In dealing with the stress intensity factor there are 
several mod^s of deformation that could be applied to the 
crack. Those have boon standardized and shown in Figure 
1. Mode I, the crack-opening mode, refers to a tensile 




Fig. 1 Crack-deformation modes. 


<r 



Fig. 2 Model for equations for .stresses at a poipt 
near a crack. 
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stress applied in y direction normal to the faces of the 
crack. This is the usual mode for fracture toughness tests 
and a critical value of stress intensity determined for this 
mode would be designated as In engineering practice 

the importance of the opening mode I far exceeds that of 
the other modes. This work is limited to mode I unless 
specifically stated otherwise. 

Irwin [6] laid the foundation for the important area 
of fracture mechanics. He proposed that fracture occurs at 
a fracture stress corresponding to a critical value of the 
crack-extension force, where equation (1 )is rewritten as 


^f 


G = 


( ^ > 1/2 
^ %c ^ 



. ( 5 ) 


. . . ( 6 ) 


G may also b' considered the strain energy release rate i.e. 
the rate of loss of energy from the elastic stress field to 
the inelastic process of crack extension. 


b) T he Elastic Crack Tip Stress Field 

Using Westorgaard ’ s [7] complex stress functions, 
Irwin [8] demonstrated that the elastic stress field near 
the tip of the crack in a infinite sheet could be described 
for mode I. 

The stress distribution at the crack tip in a thin 
plate for an elastic solid in terms of the coordinates shown 



7(a) 

7(b) 

7(c) 
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in Figure 2 is given by the following equations 

1/2 


= cr(|^) [co 

1 / 2 . 


s I (1- 

9 , 


0 

2 


sin ^ sin ^) ] 


2 


ct(^) [cos ^(1+ sin ^ sin ^ ] 

1/2 _ _ _ 

2 


39 


y 


xy 


a (5^) 


[sin I cos I 


where a= gross nominal stress = and these equations are 
valid for c > r > P. 

Irwin pointed out that the above equations indicate 
that the local stresses near a crack depend on the product 
of the nominal stress a and tho square root of the half-flaw 
length. He called this relationship the stress-intensity 
factor K, where for a sharp elastic crack than infinitely 
wide plate, K is defined as 


K = a^fne 

K has the unusual dimensions of MN/m^'^^ or A/lPafmm, Using 
these definitions for K, the eouations for the stress field 
at the end of a crack can be written 


= 

K 

[cos 

9 

(1 - 

sin 

0 

sin 

2§)] 

8 

(a) 

X 

V^Tir 

2 


2 


2 ^ 


Q 

II 

K 

Y2ir 

[ CO 


( 1 + 

sin 

9 

2 

sin 

§2)] 

8 

(b) 


[ 

sin 

9 

cos 

0 

•IT COS 

3© 

] 

8 

(c) 

xy “ 

V2Tcr 


2 




2 




values of K for many geometrical cracks and many types of 
loading may be calculated from the theory of elasticity. 

From the above discussion one can easily establish the rela- 
tionship between 'G' the crack extension force and the 
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stress intensity factor *K’ 


( 9 ) 

whore p. is the shear modulus and 

k is a function of Poisson's ratic ( ) 

viz. K = 3 ~ A for conditions of plane strain 
3- 9 

= for conditions of plane stress. 

-+ X-' 

The above relationships show that the attainment of a 
critical extension force is equivalent to a critical 
stress environment. Fracture in this situation can be 
characterized by the attainment of a critical value of K, 


Elastic analysis has shown that the stress environ- 
ment around a crack tip was entirely similar to all situa- 
tions to within a linear scalinr: factor. 3y means of tests 
onsuitably shaped and loaded specimens it was possible to 
determine the material property ( or by defining 

it as the value of Kj^ ( or Gj^) operative at the point of 
fracture. The value of at the point of fracture was 
found to be strongly dependent on plate thickness. Only 
after a certain thickness is exceeded critical value will 
be regarded as a material property, i d'.;p9ndont only 
on the testing environment. The variation in the apparent 
value of has been attributed to the through the thickness 
change in constraint along the crack front. The plastic 
regions that are near a free surface are practically in a 
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condition of plane stress whilst those remote from s-'ch a 
surface approach conditions of plane strain. Vihen thick- 
ness is sufficient thi=-' fracture behaviour will be dominated 
by the region of constrained plastic deformation, a chara- 
cteristic flat fracture will occur and conditions are 
described as 'plane strain'. 

So far the basic philosophy of the stress intensity 
approach has been discussed without mentioning precisely 
how specific cases are dealt with. Obviously to interpret 
test results or to make design calculations, it is necessary 
to have explicit expressions for for specific geometries 
and loading conditions. The determination of stress inten- 
sity factors is a specialist's task necessitating the use 
of a number of analytical and numerical technicfues. It 
would be appropriate to discuss these in a separate chapter. 
The important point is that it is always possible to deter- 
mine to a sufficient accuracy for any given geom.otry or 
sot of loading conditions. 

In general stress intensity factors may bo written 
in the form 

= Of, Y (|) (10) 

where 0 is a characterizing stress 

a is a characterizing crack length 
W is a characterizing dimension 




(a) Isolafed crack in an infinite plate 




HTTH 

(b) Surface crack in a semi-infinite plate 




M = 


as 

IT 


t = Plate thickness 


Y (-^ )=1.93-3.07(-J-)^14.53(-^)-25.11( 


(c) Surface crack in three-point bend specimen 
Fig . 3 Some crack configurations. 
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and Y (^) is a calibration function which defines for 
the specific body under consideration. 

Figure (3) shows three configurations with the 
corresponding values of Y(~). Thus for example a fracture 
test on a three-point bend specimen would be interpreted 
by substituting the appropriate value of a/W in the polyno- 
mial for y(fj)» Figure (c) noting the load a fracture and 
thus determining the value of at fracture. Alternatively, 
if it is necessary to estimate the maximum permissible depth 
of a surface defect in a thick component subject to uniform 
stress, use is made of the solution given in Figure 3(b), 

Here the stress intensity factor is given by 

Kj_ =1.12 o YTnaT 

Consequently a knowledge of a critical value of Kj^ as deter- 
mined by an appropriate fracture test, and the applied stress 
level permits the critical value of crack depth to be 
determined. 

To summarize, the fracture event is interpreted as 
being characterized by the attainment of a critical value 
of the stress intensity factor, Geometry and loading 

conditions influence this environment through the parameter 
, which may be determined by suitable analysis. A know- 
ledge of obtained from a suitable test, thus provides 

a means of predicting the fracture behaviour in real struc- 
tures. The sensitivity of stroctures to other phenomena 
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such as fatigue crack growth and stress corrosion cracking 
can likevaso be predicted on the basis of suitably performed 
tests interpreted in terms of the stress intensity approach, 

1 . 3 YIELDI NG FRACTUR E MECH'^NICS 

The prime objective of yielding fracture mechanics 
is to describe the fracture circumstances for a material of 
considerable ductility in the presence of a defect. As with 
other branches of fracture mechanics, a means is sought 
whereby fracture observed in the laboratory can be interpreted 
in terms of a material prop;Tty, toughness. Just as in linear 
elastic fracture mechanics (LHFM) one approach is to character- 
ize the singular stress, strain and displacement fields around 
the tip of a sharp crack by a single pnram,'ter so too in 
yielding fracture mechanics efforts have been made to find one 
parameter characterization of the elastic-plastic stress and 
strain fields local to the crack tip. It is argued, as in 
LEFM, that if such o paramcti^r can b ■' found, then for a given 
composition, tompiorature, strain rate and environment a 
process such as fT‘>cturo supposed to bo governed by circums- 
tances nt the crack tip, must occur when this parameter rea- 
ches a critical valuo- 

1,3.1. The Role of Extent of Plasticity 

The notion of plastic constraint and associated terms 
such as small scale or contained yield and constrained or 
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unconstrained yielding into proper perspective, the diff~ 
erent ways in which cracked component may fail when loaded 
beyond the range to which LEFM is applicable vdll now be 
surveyed briefly. A centre-cracked panel loaded in 
tension is taken as a simple example. 

A stress very near to the crack tip (not specifi- 
cally defined here but taken as representative of the local 
stress conditions) is denoted by the uniaxial yield 
stress by 0^., net section stress by 0^ and the uniform 
stress remote from the crack by 0. It is useful to disti- 
nguish four regimes, which can loosely be described as 
follows . 

(a) > 0 >0 >0: Yielding limited to a zone in 

y n 

the immediate vicinity of the crack, to a very small 
extent. This is the LEFM problem. If failure occurs 
it is usually by unstable, rapid propagation of the 
crack. 

(b) > 0^^ > 0^> a: Yielding is extensive but does not 
spread to a lateral boundary of the structure and 
thus contained. This is a regime that can bo 
called elastic-plastic and to which yielding 
fracture mechanics can be applied. Failure usua- 
lly occurs byunstablo rapid propagation of the crack. 

(c) 0^> 0y> 0: Yielding is very extensive and 

spr ads to the lateral boundary ahead of the crack, 
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Fig. 4 Schematic representation of Increasing degrees Pig- 5 The Ougdale model for crack tip plasticity, 

of yielding. 
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and thus uncontained. This is the regime that can 
be called gross yield, to which yielding fracture 
mechanics must be applied. For configurations 
with little lateral constraints and low hardening, 
tough materials may fail by plastic collapse of 
the net section, whilst for less though materials 
a crack may spread by stable or unstable growth, 

(d) L^> a^> c> a : Since the applied stress o is 

\ / n y 

greater than the yield stress, extensive plasticity 
occurs along the components as well as the cross 
section implying work hardening of the net section. 
This is the regime that can bo called general yield. 
Crack propagation in this case may still be the 
failure mode. 

Those four conditions are shown schematically in 
Figure 4. It must be clear that the stress levels used to 
describe the four states merge from one condition to the 
other and are affected by configuration, induced biaxial and 
triaxial stresses and work hardening. Clearly, the regimes 
starting in (b) and extending through (c) and for some 
materials into (d) are those that constitute the realm of 
yielding fracture mechanics of interest here. 

1.3.2 Concept of Crack Opening Displacement (COP) 

The method is based on the assumption- put forward 
independently by Wells [9], Cottrell [lO] and Bavenblatt [ll ] 
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that where significant plasticity occurs the fracture 
process adjacent to the crack tip, and that the separation 
of the crack faces, or crack opening displaconient will be 
a measure of the intense deformation. Crack extension 
will then begin at some critical value; of this crack open- 
ing displacement, according to the particular micromode 
of fracture that occurs. Hence the method requires analy- 
tical prediction of displacements near the crack tip. 

The model, proposed by DugdaP [12] and Baronblatt 
[ll] considers an infinite plate with a central crack, 
length 2a, subjected to a remotely applied uniform stress, 

Tho plasticity at tho tip of the crack is represented by a 
notional increase in the crack length to s omc value, 2c 
with tho faces of the ’crack* over tho distance (c-a) from 
both ends partly restricted from opening by a restraining 
stress, 't' acting directly on the crack faces. Lator 
'■'/ells [13] noticed that in practice the tip of a slot sub- 
jected to plastic deformation opened with a near square andod 
contour, giving a definite tip opaning-the crack opening 
displacement - (COD) as in Figure 5. Ho proposed that the 
COD, ,was a measure of crack tip deformation and that 
fracture might occur v/hon a critical value of this parameter 
was reached. This proposal was pursued experimentally 
and theoretically by many scientists who have showed that it 
was broadly consistent with fracture results from largo 
tension and bonding tests. 
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In early applications of this model, t was Gcjuatod 
to tho uniaxial yield stress, and relationships obtained 
for the length, 2c, to which the notional plastic zone 
extended in terms of th^^ real length, 2a, and tho applied 
stress a 


c 


cos 


an 



( 11 ) 


The COD, if , at tho tip of tho real crack was then evaluated 


as 


Sa 

^ 1 QQ S0C 

nB ^ ^ 2a 


( 12 ) 


y 

By expanding the secant term it was found that 




■n cF a 


O \ 2 


Eo, 


C 1. ^5^) 




(13) 


y 


However ronumbering tho definition of strain-energy release 


rate in LEFM, for the infinite plate with centre crack 2a 

G = |L = (14) 


It is at once s^-’C'n that the first term in equation (13 ) 
corresponds to 


G = cTy.0 (15) 

If tho plastic zone correction factor for plane stress is 
used then tho modified LEFM expression is 

G = 22!a[i4l (M2] (16) 

which together with equation (15 )diff ers from the equation 
(13)by a fairly small amount in tho coefficient of tho second 
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term. The relationship G = t is consistent with the 
work clone to close an element of crack, from the reasoning 
of mechanics of either the macro or dislocation level, so 
that this model used with the restraining stress t = 
appears to be a logical extension to LEFM for plane stress. 

Turning to the weaknesses in the model, the most 
obvious of these is the representation of plastic yielding 
by an elastic material with only a line of plasticity ahead 
of the crack. This is not unreasonable for plane stress, 
but unrepresentative for plane strain. For reasons that 
are not wholly apparent, the usage of the Dugdale model 
has retained the plane stress assumption of t =cfy. It has 
in fact suggested that this inconsistency might be avoided 
through the use of a constrained yield stress 

t = m.Oy (17) 

where m might be f3 ( from plastic zone corresction) or 
even as high as 3 for yielding material analysed for 
contained yielding. 

Still by using these modified expressions for 
finding the fracture criteria there exists some discrepan- 
cies between theory and experiment. Thus the above model 
ignores the offoct of a finite plate and of a work harde- 
ning material. 
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1 • 3 . 3 Concept of J~inteqral 

Of the many parameters proposed to correlate 
elastic-plastic fracture behaviour, the J-integral as 
proposed by Rice [14] has bean one of the most promising. 

The J-integral was used originally as an analytical tool 
for crack-tip stress and strain determination. It was first 
proposed as a fracture parameter, labelled 3j_c' support- 

ing experimental method proposed was fairly cumbersome. Easier 
experimental methods for determining have been developed. 

A considerable amount of new work has been conducted both in 
supporting the use of as an elasticplastic fracture crit- 

erion and in developing the testing techniques for determining 

'^Ic* 

a) J-theory in General 

The J-intogral as proposed by Rice [14] is a two 
dimensional energy line integral (ref. Figure 6) : 

J = /{W dy -T^l^ ds) (18) 

r 

where Vi/ is the strain energy density 

e 

mn 

W = / o. . d 6. . (19) 

o 'J -J 

Tj^ is the traction vector defined by the normal n 
along the path of intergation, , T^^ = u is the dis- 

placement vector, and S is a length along. The J-integral 
is path independent and is applicable to elastic material 
or elastic-plastic material when treated by a deformation 
theory of plasticity. 




Fig. 6 Arbitrary contour over which J integral is evaluated 
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Fig. 7 Crack-tip schematic of the fracture process 
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The J-intergral characterizes the crack tip field 

the basis of which is provided by the work of Hutchinson 15 

and Rice and Rosengren [16 ]. They have extended fracture 

mechanics concents to cases of large scale yielding which 

also assumed the crack tip singularity. They indicate that 

1 

the product of plastic stress and strain aDoroches a ™ 
singularity, r being a near tip crack field length parameter. 
The crack tip singularity is uniquely dependent on the material 

constitutive relati-ns. For a deformation theory of olesticity 

McClintock [l7 ]has demonstrated, through the crack tip 
olastic stress and strain equations expressed from the 
Hutchinson, Rice, Rosengren (HRR) singularity, the existence 
of singularity in r whose strength is the J-integral. 

The J-intagral hts another important advantage as a 
fracture criterion. Broberg [ 1 S] considered growth criteria 
for a nonlinear elastic body containing a crock. For such a 
body, sttess and strain singularities occur at the crdck tio. 
This region ahead of the crack tio is termed as the end 
region outside which the material may be regarded as a cont- 
inuum. As the load is increased, the one region eventually 
reaches a critical state at which the crack starts moving, 
one prominent feature of the end region .'-t critical state 
is that the state is neither dependent on the distribution 
of loads nor one the crack length. It simply and solely 
depends on the material itself. The end region or plastic 



24 


zone can be spacified bv , as it reaches the critical 
state . 

From the foregoing discussion, it is evident 
that J-integral disolays three prominent features attactive 
to its use as a fracture criterion namely, 

(i) J-integral as a field parameter indicates the stress 
and strain distribution in a cracked body. 

(ii) It describes the crack tip region by so'^cifying the 
strength of the singularity. 

(iii) Critical value of J-integral, J^ is a material 

property v\hich can be used as a fracture criterion. 

The J-integral can be convent mtly evaluated experi- 
mentally through its energy rate interpretation as follows. 

It may be noted that in equation (5) the two terms in the 

d u. 

integral namely W and T. •— ? — , have the dimensions of 
energy. Thus, J is an energy related quantity. In fact, 

Rice [14] has shown that the J-int^gral is equal to the 
change in potential energy for a virtual crack extension 

J= (20) 

where u is the potential energy per unit thickness 
a is the crack length. 

Equation (20) expresses an energy process where J 
is identical to G, the crack driving force. For the case 
of plastic behaviour \Ahere deformation is not reversible, 
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J loses its significance as a crack driving force. It can 
be considered as an energy co'oparison between two si'Tiilar 
bodies identically loaded which have incrementally differing 
crack sizes. The line integral definition of J in Equation 
(18) is most useful for an analytical determination of J 
where numerical methods are employed. The energy rate 
interpretation is used for experimentally determining J. 
Equation (19) repres:;nts an exact method for experimentally 
measuring J, however, for most testing purposes, an appro- 
ximation to Equation (3) is used. 


b) 


Limitations of Approach 


(i) Since the Rice energy line integral is expressed 
only in two dimensions, the J aoproach is therefore, 
limited to nroblems of plane strain or generalised 
plane stress. 

(ii) Another limitation is that since J is shown to be 
path indeoendent for deformation plasticity theory, 
the use of J as a fracture criterion should bo 
compatible with the assumptions of deformation 
plasticity. This would restrict its use to mono- 
tonic leading and zero crack extension since • my 
unloading cannot be treated by this theory of plas- 
ticity. Any crack extension necessarily implies 
unloading near the crack tip. In geheral, struc- 
tures failing in plane stress exhibit some 
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subcritical crack growth. Henca, tha'J intogral failure 
criterion may be liraited to the case of nlana strain which 
is implied by the subscript I in J. . 

(iii)Also, since J is taken as the single parameter v^hich 

characterizes the strength of the crack tip singular field 
equations, the size of the test specimen must be sufficient 
so that the crack-tip field equations are undisturbed by the 
specimen boundaries. 

’ c ) J as a Fracture Critierion 

Thefracture process starts with a sharp crack when the 
specimen or structure containing that crack is unloaded. For 
a test specimen the crack is introduced by fatiguing at a low 
(iK level before the fracture test is conducted. As the crack 
undergoes loading the crack tip becomes blunted. This blunting 
increases mth an increase in loading until a load is reached 
where a crack advance occurs ahead of the original blunted crack 
(ref. Figure 7). At the point where the first crack advance 
occurs the fracture toughness measurement point is defined. In 

terms of J this point is labelled J, . 

1c 

This model tray not strictly characterize the actual 

physical process. Cracking may being ahead of the original blunted 
■orack as voids ere opened and joined. However, this model gives 
0 general description of the fracture process vdoich can then 
be related to a fracture parameter such as J. A physical applica- 
tion of the model is conceived more easily when cracking occurs in 
° ductile tearing mode. 



27 


1 *4 METH ODS FOR FHA^TURE TOUGHNESS M^HA SURcMcNT 

Standard test method for the determination of 

has been apnroved by ASTM Ref. Standard Test Method for 
Plane Strain Fracture Toughness of Metallic Materials- 
ASTM Designation E399-74, The ASTM procedures have been 
divizid so as to permit measurement of ^ and displacement 
(cod) under identical conditions with the some laboratory 
equipment and in the same test. 

1,4.1 ^ Tasting 

(a) Tyne of Test Piece 

Two main types of test pieces are recommended. 

(^) Bend Test Pieces : These are the sinplest and cheapest 

to machine. Limitations are itaposed upon the test piece 

dimensions and the shape and depth of the notch. The pieces 

1 

most commonly used have B = ^ W, a = 0,45 W to 0,5 W, where 
B is the thickness, W is the width and a the crack length of 
the specimen, 

(ii) Compact Tension test Piece s: The specimen tension 

test pieces use less material, but the cost of machining 
the Clevis pinholes accurately is considerable. The 

■f 

recommended dimensions are B=^ W, a = 0.45 to 0.55 W and 2F 
= 0,275 W. Please refer to Figure 8. 
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( b) Testing Fixtures 

To reduce friction to a minimum, bend tests are 

made on freely rotating rollers v\fi th or without fixed centres. 

The diameter of the rolls and centre of loading point should 
1 

be between W and W, 

( c ) Test Piece Dimensions 

The plane strain fracture toughness of a material 

is a measure of its resistance to unstable fracture under 
conditions where plastic deformation is limited to a region 
of the crack tip which is small in comparison to the test 
piece size, but the manner and the degree in which plasticity 
is to be limited is confirmed recently. 

This is achieved by restricting the nominal stress 
at the crack tip to below the yield stress. The fiomine-l 
stress is the stress tnat would exist at the crack tip if 
there were no stress intensification there. 


In a compact tension test piece: 
'^nom ~ 


2Ti2W^ 


and in a bend test piece: 

= 3QL 

B(V( - a)2 

where Q is the applied load. 


( 21 ) 


( 22 ) 


ASTM special committee has accepted the 


recommendation that the nominal stress should not exceed 



z 



Fig. 8 Schematic of compact specimen 1, load point,2, 
displacement point, CR, centre of rotation. 
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0 percent of the 0.2 percent proof stress. 


Another requirement is that is to limit plastic 


deformation by maintenance of plane strain conditions at the 
crack tip. According to the standardized nrocedure to ensure 
plane strain ASTM 24, consistent ^ values could be obtained 
if 


3 9 


B >2.5 (— ) 
Y 


(23) 


where a is the crack length 

B is the thickness of the test piece. 

Moreover a/W values greater than 0.55 were considered under- 
sirable because at high a/W values small errors in crack 
length can give rise to large errors in K. . 

I L* 


( d ) Fatigue Pre-Cracking 


Basic requirements for the fatigue pre-cracking 

(a) The ratio of mininum to maximum force shall be in 
the range of 0 to 0.1 . 

(b) shall not exceed 0.7 )K^ where and ° 

^ ^1 '2 ^ ’ ^1 ^2 

are the proof stresses at the temperatures of fatigue 
cracking and at the test temperature respectively. 

(c) The crack length shall be not less than 1.25 mm and 
the a/W ratio shall be in the range 0.45 to 0.55. 

After testing the crack is measured and the effe 
ctive crack length is measured from the average of three 
measurements at 25, 50 and 75 percent B. 



( ® ) The Offset Procedure 


K. values were originally calculated from the 
I c 

pop-in load illustrated in Figure 9. Type IV since many mater- 
ials do not exhibit pop in a procedure is established to 
determine K. values from force-displacement records showing 

I 0 

deviations from linearity but no sudden discontinuity i.e. 
type I, Figure 9. The secant intercept procedure is adopted 
for this purpose. 

The procedure is as follows. Referring to Figure 9 

draw the secant line OQ^ through the origin with slope 5% 
less than the tangent OA to the initial part of the record. 

Draw a horizontal line representing a constant force of 
0.8 QqJ is the distance along this line between OA and the 
curve record. If this djviation from linearity at the force of 
0.8 is more than 1/4 of the corresponding deviation, q, at 
the force of excessive non-linearity is present and so the 
curve is rejected. 

So, for this situation the test piece of greater 
thickness should be selected and the experiment is to be 
repeated for 

1c 

(f) CaJ culation of K. 

I II * ^ 

The stress intensity factor at the tip of a crack 
of length 2a , for the three point bending is given by 



Force 



Displacement gauge output 

Fig. 9 Schematic force /displacement records showing quantities 
involved in analysis. 



Fig. 10 Force /displacement records for calculation of COD 
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K 


QY 

BW^ 


(24) 


where Y is the compliance function derived from the relation- 
ship between test piece compliance and dimensionless crack 
length a/V/ i.e. 



= 1,93 - 3.07(|)^/^ + 14.53(|)^/2 - 25.1 1 

^ 25.80(|)^/^ (25) 

These values are given in tabular form for values of a/W 
between 0.45 and 0.55 in increments of 0.001 (a/W). 


The main objective of the COD test is to determine 
the critical crack opening displacement at the tip of a sharp 
crack at the onset of crack extension. This is done by measur- 
ing the displacement at the mouth of the notch using a gauge 
identical to the used in ^ tests and by performing a suitable 
calculation. 


1.4,2 COD Testing 

The test record consists of a plot of force 
versus crack opening displacement at the notch mouth measured 
by a displacement transducer. A typical record is shown in 
Figure 10 v\*iere the critical displacement at instability 
is the total value corresnonding to the maximum applied 
force Q , Figure 10. In the case of type II, if the failling 
load portion can be shown to be associated with crack growth, 
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by electrical potential method of by an audible sound, 
then Q is measured at the discontinuity shov^n. The third 
type of record where there is no sudden discontinuity is 
associated with slow crack growth which commences during 
the rising portion of th i test record. An electrical 
potential method must be used to detect at the initiation 
of stable crack qrov/th^-^. 

In those cases where crack growth cannot bo meas 
ured the crack opening displacement ^ at the displacement 
corresponding to the first attainment if a maximum load can 
be Used. 

1 .4,3 J-determination Techniques 
i ) ComoliancG J 

The J-integral can be conveniently evaluated 
through the energy release rate interpretation of J as 
derived by Rice [14] . As explained earlier, J may be 
written for non-linear elastic mot -'rial v^ith no crack 
advance as: 


T i du _ 1 ^ 

u da 

where F is the applied load 

u is the load point displacement and 
c is the comolementary energy /q dF. 


(26) 


In the case of plasticity, where deformation is irreversible 
and J cannot be interpreted as the on --rgy available to rive 
the crack, the contour integral J is numerically equal to 



Displacement . d 
(a) 



Fig. 11 Schematic load-displacement curves with prescribed load/displacement. 
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1 6u , 

■ B ('el'lu + <27) 

This represents the energy difference fpr monotonically 

loaded cracks cut initially to different lengths. 

Using equation (26) J may be experimentally valu - 
ated as follows. For convenience displacements are prescr- 
ibed as boundary conditions. Hence, the second term of the 
J integral in equation (18) drops out i.e., the potential 
energy becomes equal to the integral of the strain energy/ 
which is simply equal to the work done on the body. 

The J-integral can be evaluated considering the 
load deflection diagrams of similar bodies with neighbour- 
ing crack sizes. When two similar bodies with crack 
lengths and a +A a are loadec.^ the load deflection curves 
are represented by OA and 03. If in the first body, the 
crack extends from a to a + a a under proscribed load , 
the total work done on the body is represented by the area 
OABCO ( Figure 11(b)). Because of reversibility, the unlo- 
ading curve from the point B is the same as the loading 
curve of the body starting with a crack length, a +i^ a. 

The strain energy of the body vath a crack length a 
under the load F^ is the area OBCO. The shaded area OABO 
(“ is the energy available for crack extension. Simila- 

rly when the crack extends from a to a +Aa under prescribed 
displacements, the energy available for crack extension is 
the shaded area OABO ( Figure 11(b)), 
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At any given displacement, the area under the 
load versus load point displacement record may be found for 
bodies v-dth different crack lengths. The slope of the plot 
U versus 'a' at a cjiven displacement is and hence 

J can be determined. This process is shown schematically in 
the Figure 12. The final plot is J versus the applied 
displacement. In general, this curve depends on the crack 
length a. If the applied displacement is found for the 
initiation of crack growth, the critical J value, may 

be found. 

ii) Testing Using Rice et al Estimation Procedures 

A compliance determination of J, while possessing 
the advantage of generality, is tedious and expensive in 
both time and material and therefore is no longer used to 
determine experimentally. A significant advance in frac- 
ture toughness testing was provided by the development of 
tho Rice-Paris-A'iorkle J formula for deeply cracked bars 
subjected to bending [l9]. This same method has been made 
use of ±n our present study of the determination of J for 
the low alloy steel. 

a) The Rice-Par is Merkle J 

Tho derivation of this formula is based on the 
fact that tho angle of bend 0, for deeply cracked bars, is 
only a function of the applied moment a. and tho square of the 






Fig. 12 Schematic of steps in a compliance J determination 



dmd 6 


Fig. 13 Schematic showing Rice-Paris-Markle J formula for bend type specimen. 
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remaining ligament, b (Ref. Figure(l3)) 

© = f( §-) (28) 

Using the potential energy definition of J given by equa'- 
tion (26) and the fact that da is equal to -db, J can be 
written as 





dM 


1 
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^1 
db ' 


dM 


ivl 


(29) 


This is schematically 

illustrated in Figure. 13. From 


eauation (28) 




_ f. ( Ji 

db' ~ I V p 

-) 

1 = f. (M ) 

(30) 

Similarly 
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(31) 

and thus 
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(32) 

Substituting equation 

(32) in eauation (2^0 


~ bB 

M 

/ 

0 

«• H lb 


2 

“* Bb 

© 

I 

o 

M d© 

(33) 
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yields the result that J is simiDly related to the work done 

on the specimen. Again the above derivation holds true for 

deeply cracked bars in bending such that © is only a func~ 

tion of M/b , The concept of relating J to the work done 

on the specimen is one that is used almost exclusively in 
present test methods. 

b) Testing Procedure 

From the discussion above, it is learntthat 
this method is based on the approximate formulation for 
calculating J given by Rice et al 

J = (34) 

where B = specimen thickness 

b = remaining uncracked ligament of the specimen, 

A = area under the load versus load point displa- 
cement curve. 

This formulation applied to a specimen with a deep crack 
subjected to a bend typo of loading. The types of speci- 
mens most suited to this formulation are the compact tough- 
ness specimen (CT) and bend bars with three point loading. 

The method proposed for determining the measu- 

rement point is shown schematically in Figure 14. Several 
identical specimens are loaded to differing values of dis- 
placement and then unloaded (Figure 14(a)). These speci- 
mens will hopefully all exhibit different amounts of crack 
growth. After unloading, the crack advance is marked and 




la) Load identical specimens to 
different displacements 


Fracture 

Surface 



Precrack 


lb) Heat tint and measure average 
crack extension 



Ic) Calculate J for each specimen. 



Aa 


Id) Plot J vs A a f ind J|j- 


14 Procedure for experimental measurement: multiple specimen R-curve. 
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the specimens broken open so that the crack advance, ^a, 
can be measured (Figure 14(b)). Different methods can be 
used to mark the crack advance. For steels the easiest 
method is heat tinting. The specimens are heated about 
600°F for about 10 min. The specimens subsequently are 
broken open at liquid nitrogen temperature. The value of 
J at the point where the specimen is unloaded is determined 
from equation (20) for each specimen (Figure 14(c)). This 
value of J is plotted as a function of crack advance (figure 
14(d)). 


The curve in Figure 14(d) is the crack grovv^th 
resistance curve from which is determined. The present 
method for determining uses the blunting line defined as 


J = 


^ flow • ^ ® 


(35) 


the point whore additional crack advance occurs from the 
blunted crack, that is, the J, measurement point, is 

JL w 

marked by a change of slope in the curve of J versus crack 
extension. The points on the plot which lie to the right 
of the blunting line are generally filled with a straight 
lino and J, ^ is taken at the intersection of this fitted 
lino and the blunting line. 

The method for determining as ttescribod by 
Figure 14 is presently used as standard method. Certainly 
some aspects of this method can be improved. Most notably 
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perhaps is the method of analysis the data points in 
Figure 14(d) to obtain This analysis is somewhat 

subjective and can possibly lead to ambiguous values of 
Jfc* The use of the approximation formula from equation 
(34) has been compared experimentally with the original 
energy rate definition of J, equation (3) and found to 
compare favourably for a/'M > ^,6. 

Fatigue pre-cracking of Specimens 

Specimens should be precracked in fatigue with a 

maximum permissible load not exceeding one fourth , which 

can be calculated from the following 

. B b^ o., 

~ ^3"^ for the bend specimen (36) 

where b is uncracked ligament, 3 is the specimen thickness, 
S is the specimen bend span and is the flow stress. 

Fatigue cracking should be conducted at a sufficiently low 

load so that the crack tip is not overloaded. The J, 

Ic 

test is expected to go into the plastic regime which means 
that specimen v^/ill most probably reach limit load. 

c) Limitations of this testing 

One important limitation on the test method is 
specimen size needed to determine a value. This size 
limitation is generally expressed by 

i “ Jlc/°flow 


B, a 


(37) 
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where B, a, are the specimen thickness, crack length 
respectively, a is a non dimensional constant taken to 
be somewhere in the order of 25 to 50. These values in fact 
diffci from one material to another depending on such things 
as the degree to which the material strain hardens. 

Another important limitation on the use of the 
present test methodology lies in the specimen typo. The 

approximation formula for J given by equation (34) has boon 
formulated only for bend type specimens. Although approxi- 
mations exist for other types of specimens, care should bo 
exorcised whenever a specimen other than a CT or bend bar 
is used. 

1.4,4 how Tost Methods 

Vi/ith the use of eouation (34) J can be determined 

for a single specimen at any given value of displacement. 

To determine the whole curve of J versus a a hence J, from 

ic 

a single specimen all that is needed as a continuous monitor 
of crack advance during the generation of the load-displa- 
cement curve. Several methods have been demonstrated, which 
can accomplish this successfully. They are namely elastic 
compliance method, electrical potential method and ultra- 
sonic method. 
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1 • 5 THE SC AN NING ELECTRON MICROSCOPE AND ITS APPLICATION 
TO FRA CTOGRA PHY 

The scanning electron microscope (SEk), although 
a relatively new instrument in the metallurgical laboratory, 
was derived from the early works in the field of electromag- 
netic, vacuum tube electronics, and vacuum pumping technology. 

1.5.1 Principal Fe at ures of SEM [351 

A SEM is a combination of electron optical, vacuum, 
and electronic control devices for impinging a beam of electro- 
ns on a pinpointed spot on the surface of a target specimen 
and collecting and displaying the signals given off from that 
target. A typical arrangement of the components of a SEM for 
use in fractography is shown in Fig. 15. An electron gun omits 
electrons from a heated filament and accelerates them in a 
constant stream down the column. The specimen being examined 
is near the lower end of the column. As the electrons speed 
tov/ards the specimen, they pass through tv/o or more electromag- 
netic lenses that focus the stream of electrons into the shape 
of a small beam so that the impact spot on the specimen is of 
minimum size. 

The electrons emitted from a specimen move to a suita 
ble detector or collector and subsequently generate a current, 
which is amplified and used to control the brightness of spot 
on a cathode ray tube. The display image created on the defle- 
ction plates of the cathode ray tube. The fracture surface 
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Fig. 15. Essential components of a scanning 
electron microscope (Ref. 37) 



Fig. 16. Useful signals generated by an 
electron beam (Ref. 37) 
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Fig. 17. Pattern of zones in a specimen 
(Rof ^ 7 ) 
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is scanned by the incident beam in a raster pattern, and the 
cathode ray tubt; displays the same pattern on a larger scale, 

1*5.2 Operation of SEM [351 

When the fracture surface is impacted by the 
focussed stream of primary electrons, it emits several 
useful signals, such as backscattered and secondary elect- 
rons, cathodoluminescence, X-Rays and transmitted electrons; 
a fraction of incident beam of electrons is absorbed. The 
useful signals generated by the interactions of the incident 
beam 'Adth the specimen are illustrated in Fig. 16. From a 
fractographic standpoint, most interest is in the emitted 
secondary and reflected backscattered electrons. 

Secondary electrons are almost always the preferred 
signal because they offer better resolution, produce an abub- 
dant signal, and permit viewing of aruas of specimen that 
are not in a direct line of sight with the collector. This 
is the most generally useful type of imago for studying 
surface-topography. It can also be made sensitive to crystal 
orientations, voltages and magnetic fields. The detector in 
this case is sensitive to electrons that emerge from the 
specimen vdth loss than 50 ov energy. 

Sometimes it is necessary to sacrifice resolution 
in order to improve imago contrast, especially with smooth 
specimens and at low magnification. This is accomplished 
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by using the backscattored-electron mode of operation. 

This is obtained by collecting oloctrons that leave the 
spocimon with more than 50 ev energy. Backscattered electrons 
possess high energy, travel at high velocity, and travel from 
specimen in straight lino paths that produce shadow effects 
and consequently high image contrasts. The appearance of 
backscattered electron imago will depend on the angle of 
incidence and on the the position and energy sensitivity of 
the backscattered electron detector. 

There is a considerable loss of resolution in the 
backscattered mo'dc of operation. Backscattor^-d electrons are 
oloctrons with high energy. The electrons escape from as 
deep as 300 in the spocimon. Because of scatter within the 
spocimon, the resulting source is much larger in diameter 
than the incident beam diameter. On the other hand, secondary 
electrons escape from the top 100 layer of the specimen. 

The relative quantity of secondary electrons versus 
backscattered electron captured by the electron collector is 
controlled by the use of a bias-voltage applied to the coll- 
ector. If the bias voltage is made negative, the sooondary 
electrons are repelled and the oloctrons captured will bo 
essentially of the backscattered type. 

The electron optical column must bo operated at 
a pressure below lO-"^ torr. Higher pressure allow greater 
opportunity for oil vapor to flow back from the diffusion 
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Chromatic aberration can be regulated to fluctuatio- 
ns of lass tnan i in 1 0 ^ volts by voltage stabiliser. 

Stigmator correctors are usually 'orovidsd on most 
high resolution instruments. These correctors simply suoer- 
impose, across the gap in the nole pieces j an additional weak 
' elliptical field, v\hich can be varied in strength and direction 
to corap ans ants for the astigmatism, and is particularly valua- 
ble when contamination of the objective aperture occurs. One 
type consists of a nickel coated, brass, hollow cylinder 
which can be raised or lo'rered and rotated inside the objective 
pole oi ^ces . 

1 *8 S Oivic H E AT TREATMENTS AND EFFECT O F IT ON FRAC T URE 
T OUGHNESS 

1.3.1 Normalizing Follovi/ed by Tempering [41 ] 

In normalizing, steal is heated to a temoerature 
30-50 °C above A 3 temp in the austenite region and cooled in 
air. Cooling proceeds more quickly than in common annea- 
ling, which gives a some what greater degree of undercooling 
of austenite. Because of this, normalising produces a finer 
f erri te-oearlite structure. Normalized steel has a greater 
strength than the steel annealed. 

Normalising is ■amoloyad most often as an intermediate 
ooeration to soften the ste^l before machining, to eliminate 
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electrons, electron beam current, and the accelerating 
voltage in the column. 

1.5.3 Specimen PreparationfSb 1 

The main requirement of a specimen for exami- 
nation by SEM is that it be of a size small enough to 
fit into the SEM chamber. This frequently requires sec- 
tioning of fractured part. 

It is necessary that the specimen or replica 
for SEA^l viewing be electrically conductive to prevent 
electrical charging effects, which could distort the image. 
This is not a problem in fractographic study of metal sur- 
face unless a layer of corrosion products is present. Often, 
it is advisable to clean metal surfaces that are not fresh 
fractures and to remove extraneous material and anything 
that would outgas in the vacuum. Generally steel samples 
are mounted on A1 stub with conducting paint. Silver 
particles are dispersed in medium of paint to produce an 
electrically conducting bond on drying. 

Two of the most troublesome problems that the 
microscopist encounters are charging and beam damage. Char- 
ging occurs mostly on samples that are thick or have a loose, 
open, structure. Charging effects can generally be attributed 
to inadequate coating. Thick samples tend to charge because 
it is difficult to metallize the vertical walls. This can 
be overcome by panting all the vertical faces with a 
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conducting paint, as described above, thus ensuring a 
good conducting path to ground. Reducing the beam current 
to a lower value also helps, but picture becomes noisier. 
Reducing the accelerating voltage also decreases the 
charging, but in many cases this is not pronounced, and 
the resolution becomes seriously impaired at low voltages. 

1»5.4 Unique Features 

The SEM permits direct examination of the 
fracture surface without need for preparation of the thin 
films or surface replicas. It allows an initial assessment 
of the surface at relatively low magnification from an 
image that resembles the macroscopic appearance. This aids 
the interpretation of fracture features. The SEM also has 
the advantage of great depth of field. 

A fundamental uniqueness of the SEM lies in the 
method of imago formation. Unlike the transmission electron 
microscope (TEM), there is no magnification or image forma- 
tion in the column of the SEM, the one function of the mag- 
netic lenses being the production of an electron beam with 
as small a diameter as possible at the point of contact 
with the specimen. The information signal from the SEM is 
therefore a scaler quantity, actually a count of the photons 
or electrons leaving the spot on the specimen that is being 
impacted by the electron beam. This one dimenstional signal is 
easily processed electronically and permits a complete 
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separation between the electron beam striking the specimen 
and the information signal. 

1.5.5 Producti on an d Viewing of SEM Fractoqraphs [371 

Follovdng the initial visual inspection that 
is the first step in studying of any fracture, preliminary 
viewing of the fracture surface with a SEiVi may then be under- 
taken using the range of lower m.agnifications available 
i.e. from 5 to perhaps 50 diameters. In this perusal with 
the SEM one should appraise the probable mechanism of frac- 
ture and identify regions of the fracture surface for later 
reproduction as fractographs at appropriate magnifications. 

1.5.6 Defects and Limitations of SEM 

Various kinds of aberrations are observed in 
electron-optical systems. Chromatic aberration arises because 
there is, in the electron beam as spread edV of electron 
energies about tlio mean energy eV^ . As a result, instead of 
obtaining a point focus, a disc of least confusion results 
with a diameter, d^, which which an be expressed by, 

(j( _ Q fv ^ where a is semiapertoro angle at the image 

and C is chromatic aberration constant. C is determined 

c ^ 

by the nature of focussing field. ^ is the total fractional 
spread in electron voltage. 

Spherical aberration arises from the use of 
finite numerical apertures because the electrons moving 



on trajectories which are more inclined to the axis 
exoerience stronger fields and are more deflected. In 

this case, the diameter for the disc of least confusion 

. 3 

is written as, d^ and is gi'/’en by ® where is 

the spherical aberration const. 

The 3rd fault - astigmatism - arises whan the 
lens does not possessperf ect rotational symmetry about 
its axis, i.e. focussing action deoends on the plane with 
which we are concerned. The residual astigmatism can be 
expressed by, At. = Af whare f = maximum differe- 

ence in focal lengths. 

Finally, th are is c fundamental limit set by 
diffraction, in this case, diameter d^ of the Airy 

X 

disc as the disc of least confusion where d^ 1.22 

The four errors discribed above can be expressed 

as effective soot size , d + d . -td^ 4<1^ ) ' 

eff c d s a 

Soherical aberration can not be comolately 

removed because it is bound to occur even with a perfectly 

symmetrical lens and a completely monc chromatic beam. 

Chromatic aberration can reduce the resolution 
limit. It can be partly corrected by maintaining high 
tension stability, i.e., high voltage is mointsined 
constf.ntly and it is highly stabilized. 
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Astigmatism can be corrected by stigmators. 
Also by introducing electromagnetic lenses in some 
t'esirable directions it is possible to reduce asti- 
gmatism. 

Care should be taken to ensure that all the 
signals recorded are within the working range of the 
film to get better resolution. 

1 . 6 fillHCT ROii MICRO PROBc ANA LYSER AMD JT^S APP LIC ATION 
TO FRA.C TOGRAPH Y [_38j, 

t 

The electron microprobe analyser( BvlPA) has 
been vddely used for determining the chemical composi- 
tion of constituents of the surface of the specimen. 
This instrument is capable of chemically analysing 
areas on a surface that are as small as 1 micron in 
diameter. The lower limit of concentration that the 
analyzer can detect is approximately 0.1% . 

Use of an S'APA include : (a) idenfification 
of nonrnetallic inclusions that mav be present at the 
origin of a crack (b) analysis of the inclusions initi- 
ating microvoids in ductile dimpled fractures? and 
(c) analvsis of corrosion or oxidation films. 

Vacuum , vstem are designed to minimise speci- 
men contamination problems. Routine operating pressure 
in the column is 1 0”^ torr. 
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1 ^ Theo ry of Operation 

Ah electron ootical lens system oroduces 
an electron beam which is capable of beinq focussed 
to a point 1000 to 3000 ^ in diameter. The impinging 
of the beam on a specimen will caused bound electrons 
to be ejected from the atoms and subsequentl generation 
of characteristic X-Rays. The X-Rays are made to impin- 
ge on a crystal grating of known d (lattice) spacing and 
will be diffracted from the crystal in accordance with 
Bragg’s law. 

X- Rays are detected generally by use of 
proportional counter . The crystal and detector can be 
moved in relation to the specimen so that X-Rays of 
different wavelengths can be detected. The total system 
can be calibrated so that the wavelength of X-Rays being 
detected can be determined . Since every atom produces 
a unique characteristic X-Ray, determining the wavelength 
of the X-Rays uneouivocally identifies the atoms present 
in the snjcimen. Th ? range of el men t that can be identi- 
fied with this technique is determined by the geometry of 
the instrument and d-spacing of diffracting crystal. 

“I Modes of Data Presentation [ 39] 

Direct compositional information can only be 
obtained from the X-Ray photons. The data may be 



handled by the us a of strip chart of X~Y recorder. In 
this case, intensity of X- Radiation is plotted a^anist 
a second paraieter. To determine the elements present 
in a soecimen at a fixed point, one spectrometer would 
be varied while recording X-ray intensity as a function 
of spectrometer position (wavelength). From this plot 
it will possible to deteraiine the wavelength of all X-Rays 
present and in that manner identify all of the elements 
present . 

In another case, any X-Ray entering the detector 
is converted into an energy pulse. It is in turn ampli- 
j ied, passed through a pulse height analyser, and stored 
in a scaling unit. Data are usually accumulated by 
counting X-Ray photons for a fixed l>jnnth of time or by 
determining the langth of timj necessary to accumulate 
e fixed number of counts. 

"I *6.3 Specimen P r ep_^a_3^a t i on 

In case of fractured specimen, no surface 
preparation can be performed. Generally for specimens 
of this type of in'',er:;st is in a surface film or an 
inclusion on the surface. Specimens of this type can 
be evaluated qualitatively. The prime reason for this 
that the surface is usually very rough and it would be 
very difficult to apply correction programs to the 
specimen. In preparing for the microprobe, the 
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specimen should be mounted so that the area of interest 
is as close to bein-^ normal to electron beam as is 
possible. It must also oe ensured that no part of the 
soecimen will block the area of interest from the detector. 

X-Y recorder scan of intensity versus wavelength 
at a fixed noint can be used for the identification of 
inclusion in a steel ingot. £PMA can be very useful in 
the examination of fracture surfaces. 

These analysis will be discussed in detail in 
the next chapters. 

1 • 7 T R/'NSVlIS SION gL'iC TRON MICROS CO PY AND ITS APP L ICATION 
TO FRACTOGRAPHY [38 1 

Transmission electron microscopy (T3\4) is 
rapidly bicOiidng a standa.re metallographic technique 
which few laboratories can do without. TEivl has some 
features that are similar to those of SEivi, but the princi- 
ple of operation is different. The Savl concentrates 
electrons to a dense and as small a beam as oossible, 
magnification of the i'uacje is performed by the relative 
raster scans of the specimen and cathode ray tube. The 
TiiiHj, on the other hand^ obtains magnification with the 
magnetic lenses below the soecimen in the evacuated 
column; then the transimitted signal impinges directly 
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on either a fluroscent screen or photographic emission. 

Basically TSA consists of an el3ctron source 
(gun), that ejacts streams of electrons from a heated 
filament into a chamber evacuated to a pressure of 10”'^ 
torr or less . The filament is held at a high acceler- 
ating potential relative to a grounded anode beneath 
it. The stream of electrons passes through a central 
hole in the anode and then through a condenser const- 
stin.) of one or two magnetic lenses, which focus the 
beam on the specimen. The electrons that are absorbed 
or reflected pass through three magnetic lenses, forming 
in succession three images, each magnified in turn to 
yield the intended over all magnification, v\^iich may be 
as low 210 diameters to as high as 300000 diameters . 

The accelerating voltage is most commonly in the range 
of 20 to 120 KV, although microscope of some designs are 
available that use 200 to 1000 KV. 

1 .7.1 Specimen Selection and Preparation [371 

The study of materials bv TiSA generally renuires 
thinning of the specimen to allow penetration by the 
electron beam. The maximum thickness through which a beam 
can penetrate is given by the critical value for the 
product of physical thickness and density of specimen. 

Thus, techniques (Sre required for thinning specimens to 
proper dimensions without altering the microstructure during 


processing. 
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Spacimjns for T£iVl can be categorized into two 

groups, (i) those involving thin foils, 1 00 p. m or less 

in thickness for studies of quenched in defects, irradia- 
tion effects, 'lislocation interactions and diffusion (ii) 

(ii) wafers cut from bulk soecimans for studies requring 
direct comparisons between microstructure and ohysical 
pronerties . 

Soecimen is made anode in preparation from thin 
specimen in an electrolyte composed of an oxidizing agent 
and a carrier which removes metal ions from the specimen. 
After painting the edge of the specimen with an insulating 
lacquer to orevsnt nrefarential attack, a d.c. is imnressed 
between the soecimen and cathods. The choice of electrolyte, 
temperature, and voltage is dictated by the material to be 
thined. During nolishini the ratio of the voltage to the 
current will vary. To establish ootimum polishing condi- 
tions a plot of the current and voltage is first prepared. 

At lower voltaies the current increases rapidly and the 
specimen is etching; a platea is then reached where a 

further increase in voltage results in no increase in 
current. The best polishing takes place at the high 
end of the plateau. 

1 , 7.2 Preparation From Bulk Sections [38 3 

This requires that small sections be cut from the 
bulk material so that they will fit into the soecimen holder. 
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After a small section has been obtained, the next stage 
is the initial thininq or dimpling of both sides of 
section. After the snecimen has been dimpled, final 
polishing is performed in a specialized cell . Specimen 
is positioned between a light source and a detector which 
will interrupt the polishing action when perforation takes 
place. Holes less than 5 m in diameter in dimpled speci- 
mens oan be detected and polishing can be stopped . 

^ ^ Artifacts in Specimen Preparation [38 J 

They can arise during specimen preparation. The 
origin of artifacts may be attributed to polishing effects 
or chanp'es which take place in the micros true ture as thinning 
proceeds. One shoulc’ be aware of the artifacts (e.g. formation 
of hydride or oxide layers) when interpretating precipitate 
structures, makini accurate calculation of foil thickness and 
perforning 'diffusion experiments in the microscope . 

The choice of magnification depends on the size 
and charactar-stics of th 2 surface features to be examined. 

It resolution of very small details is desired, high 
magnification is essential. Magnifications can be e^-'sHy 
calibrated using replicas with standard grids. 

The intensity of the image increases in direct 


proportion to the accelerating potential, varies inversely 
with the atomic number of the elements in a thin foil 
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specimen, or replica thickness. The intensity isalso 
altered by tilting the specimen or replica, which intro- 
duces on effective change in thickness in the direction 
of electron beam travel. 

App licption f o Thin Foi l Techni q ues [ 33 ] 

In ordsr to obtain maximum amount of information 
from TEM, c 'rtain oroc.-'dures or techniques which make 
raicrostructural features visible and identificable must 
be employed, will be described in the following sections* 



In order to get maximum information one must be 
able to control or change the specimen or foil orientation 
relative to th-- incident electron beam. Most electron 
microscones today can be equipped with some type of 
goniometer stage. 

1,7.6 Sele ct ed Area Diffracti on 

Intermediate apertures may be inserted into the 
intepmediata image plane so as to select any required 
portion ’jf the image. The position of the intermediate 
apertures depends on the energizing current in tiie inter- 
madiate lens. This current has to be set to a fixed value 
so that when objective Ivjns is focussed, the intetmadiata 
image and selecting aperture ara coincident, i. 5., when 
both the image and edge of the apirture are in sharp focus. 



Object 
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Fig. 18. Selected area diffraction pattern of the small 
area of specimen (Ref. 40) 
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Fig. 19. Diffraction contrast 

(a) Bright field (b) Dark field 
(Ref 4n) 
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In the first imoge plane,, the transmission electron diffra- 
ction pattern in formed. 

One of the formula most useful for determing type 
of nrecinitata creating diffraction is dr L where 
XL = camera constant, d= lattice soacing, r = distance of 
transmitted soot from central soot. 

1.7.7 Bright and Drak F ield Electron , Mic roscopy 

Contrast in bright field image is obtained by 
substracting the intensity scattered into the Bragg refle- 
ctions ihkl^ from that of the direct beam. 

Several advantages of dark field over bright field 

microscony have been known for considerable time. For attai- 
nment of maximu T resolution in the dark field, the diffracted 
beam must be coincident with the optical axis of tlie microscope 
Originally this could only be done by tilting the gun? more 
rec-'ntiy, however microscopes have been equipped with electro- 
magnetic coils which deflect the beam and simplify achievement 
of high resolution dark field. It must be realized that the 
operating reflection in dark field is the negative of that 
in bright field, so the beam must be fitted away from the . 
theoritically analyzed, 

1.7.8 j^jelicati ons of JTBjvi [38 1 

Of great interest in metallurgy is the study of 
sjcon’' ohase or precipitates in metals. 


It is imoortant to 



63 


knoxAf the ';iza, shane, de'^rae of coherency, strain field, 
and composition of the orecipitates as well as its 
crystallographic relationship to the matrix. The ability 
to obs'^rve and distinguish precipitate in matrix by Tcn/l 
depends on one or both of two basic factors, matrix and 
precipitate contrast. Matrix contrast arises from^ displa- 
cements in the matrix due to strain field of the precipitate. 
This is particulcirly useful for small precipitates. Precipi- 
tate contrast is due to the selective diffraction of the beam 
when Pccsing through the particle. 

zxtansive information has been published n recent 
years on the identification of dislocation structures and 
interface structures such as stacking faults, twin bounda- 
ries and grain boundaries. 

1 .7.9 Imcige Def ects in el ectr on L en s es [ 40 1 

Spierical aberration is the only geom.itrical 
aberration which causes unsharpness of the image on the 
ontic axis. This error corresponds to bad shaping of the 
lens surfaces such that a circle of confusion occurs about 
every image point . This error is same in principal like 
S3M, This can be reduced by using very small apertures in 
front of tile objective leiiS. The higher the exciting current 
in the lens, the lower is the spherical aberration. 
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Chromatic aberration can be regulated to fluctuatio- 
ns of less than 1 in 1 0 volts by voltage stabiliser. 

Stigmator correctors are usually orovided on most 
high resolution instruments. These correctors simply suoer- 
inpose, across the gap in the cole pieces? an additional weak 
elliptical field, vvhich can be varied in strength and direction 
to compansante for the astigmatism, and is particularly valua- 
ble when contamination of the objective aperture occurs. One 
type consists of a nickel coated, brass, hollow cylinder 
which can be raised or lo'-vered and rotated inside the objective 
pole oi ^ces . 

1 -8 SOivlu HE AT TREATiViENTS AND EFFECT OF IT ON FRAC TURE 
T OUGHNESS 

1 .3.1 Normalizing Follo'wed. by Tempering Ul ] 

In normalizing, steel is heated to a temperature 
30-50 °C above A 3 temp in the austenite region and cooled in 
air. Cooling proceeds more quickly than in common annea- 
ling, which gives a some what greater degree of undercooling 
of austenite. Because of this, normalising produces a finer 
f erri te-p earlite structure. Normalized steel has a greater 
strength than the steel annealed. 

Normalising is employed most often as an intermediate 
operation to soften the steel before machining, to eliminate 
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structural defects, or to oroduce a general improvement 
in its structure before hardening. 

Normalizing is aoplied mainly to olain carbon and 
low alloy steels. To reduce the increased hardness of 
normalised steel and to relieve the internal stress, norma- 
lising is followed by high tempering ( at 600 to 680'^C). 

In high tempering coagulation and spheroidising processes 
take plac? in a steel. 

Generally sneaking, a fin^ grained steel has a lower 
transition temperature range with i aproved touohness than a 
coarse grained one. 

*3.2 Quenc hing Fo llowe d by Tempering [„413_ 

Quenching consists in heating to a temperature from 
30 to 350°C above point for hyooeutic toid steels or 

above point AC^ for hynerertectoid steels, holding untill 
phase transformations are completed and then cooling at 
a rate above the critical. Carbon steels are commonly 
quenched in water, alloy steels in oil or other media. 
Hardening by quenching is not a final heat treatment. It 
must be followed by tempering to reduce the brittleness 
and stress due to hardening and to obtain the required 
mechanical properties. 

Heating time should be sufficient to heat the work 
throughout its cross section and to enable the phase 
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transformations to b.i completed, but should not be o 
lonq that it leads to qrain growth and deCarbur: tion 
of the surface layer of steel. Generally for / eel 
consisting of 0.1 to 0.5?ii carbon, heating is done for 
one hour for each inch of diameter or maximum thickness 

It is most desireable to provide a high cooling 
rate ( above the critical cooling rate) in the temperature 
range from to M to suppress supercooled austenite 

decomposition in the regions of the pearlite and 
intermediate transformations and slower cooling in the 
temperature range of martensite transformation frohi 
■4 ^ to 14 

Water, aqueous solutions of salts and oils are 
v'jenerally used as quenching madia. In quenching carbon 
and certain low alloy steels having low stability of 
'-.upercooled austenite, water or aqueous solutions of 
NaCl or NeOH are used as quenching medium. Mineral 
oils ( usually petroleum type) are used in hardening 
alloy steels, 'Miich have high stability of supercooled 
austenite. 

1 *3.2 Tempering o.-L_St'^l 

Tempering consists in heating hardened steel to 
a temperature balow point AC^ , holding at tne given | 

temperature and subsequent cooling at a ciefinite rate 
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Low temperature tempering is performed by heating 
to 260 c with holding time 1 to 2.5 hours employed. This 

reduces the internal stresss> the martensite is transformed 
to tempered martensite, the strength and wear resistance 
are increased and toughness in improved slightly without 
any appreciable loss in hardness. 

Medium temperature tempering at 350°C to 500°C 
is employed chiefly for coil and laminated springs, as 
well as for dies. This op.iration provides high eleastic 
li ait, endurance linit, and resistance to relaxation. 

After temnering, work should be cooled in water. This 
promotes the dovelonment of compressive residual stress 
at the surface, which raise the endurance limit of the 
springs . 

High temperature tempering is performed in the 
range from 500°C to 6S0°C. This operation provides for the 

best combination of strength and toughness of the steal. 
This operation raises the tensile strength and yield point 

reduction in area, especially toughness. For this reason 
this operation is called structural improvement. 

1 .3.2.2 Temper Brittleness 

As the tempering temperature of hardened carbon 
steels rises, their inpact strength (toughness) continually 
increases. But two minimum of impact strength are generally 
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observed at about 300°C and 500°C. The first one is 
known as temper brittleness of first kind and second 
one is called t:;mner brittleness of second kind. 

The second kind is peculiar to alloy steels. The 
most rndicol means of eliminating temper brittleness of 
second kind, wliich is characterstic of alloy steels are 
high leupering around 600°c and rapid cooling, alloying 

with molybdenum in Chromium-Nickel or Chromium -Manganese 
steels, reduction of impurities because they can weaken 
the intergranualar bondage. Brittleness is associated 
vdth rc*versibie segregation of impurities along the grain 
boundary in a matter pregudicial to impact toughness. 

^ • 3 Martemperinq f42 1 

This hardening method consists in heating the steel 
to the hardening temperature; , quenching it in a medium 
having a temoerature somewhat above point M^, holding 
until the temperature throughout the cross-section is 
subsequently uniform, then cooling at a moderate rate to 
prevent large difference in surface and centre. The amount 
of residual austenite is much larger than in continuous 
hardening,, resulting in less volume change. Alloy steels, 
which have a lower critical cooling rate, are more suitable 
for martempering. 
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1 .8.4 A u s t emp e r i n q [ 42J 

By applying this treatment, it is possible, in 
certain cases, to obtain greater toughness than that 
obtained after conventional hardening and tempering to 
the same hardness. There are no excessively large or 
harmful stresses induced in the tools and consequently 
distortion is small. As in the case of martempering, 
the parts to be hardened are quenched in a salt bath, 
the temperature of v/hich is kept above that of martensite 
formation The holding time in the bath, however, is so 
long ttiat the austenite is completely transformed to 
lo'^'er bainite. The resulting hardness depends upon the 
tenperature of the salt bath; a high temperature gives 
low hardness. Aus tempering generally improves toughness, 
particularly in that hardness range in which conventiona- 
lly hardened and tempered steel are susceptible to a 
reduction in their impact strength. No tempering is 
required. 

1 -9 NON-MdTALLIC INCLUSIONS IN ST££L AND TH8IR 
EF FBCTS ON FRACTURE TOU GHNESS . 

The formation, mode of occurance and type of the 
sulfide inclusions observed in steel is an extensive topic, 
as also are the influence of non metallic inclusions (N.M.I) 
in steel on the properties continues to be a major study 
by many metallurgists. 
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In general, nonmetallic inclusion in steel fall 
in to two major categories, namely oxides and sulfides, 
altliouqh several minor tyne os inclusions may be present. 

By virtue of their mode of formation, non metallic 
inclusions are seldom, if ev }r, equilibrium oroducts. 

The composition, and hoece the constitution of an inclu- 
sion, may alter during reheating or slow cooling, by 
reaction vdth steel. This can occur in both sulfides and 
oxides . 

1 ,9.1 Sulfides in St eel 

Sulfides in steel generally comprise of one or 
more of the phases, Fes,itoS, CaS. Frequently there can be 
extensive solid solution of other elements in the sulfide. 

In rec jnt years, considerable attention has also been focussed 
on sulfides of titanium, zirconium and rare earth metals. 

It is very evident that at normal steel solidifica- 
tion temperatures, the tendency to form MnS in nly sligh- 
tly greater than the tendency to form FeS; ah-ove 1600 C the 
tendency is reversed, ^^ilen the lower manganese activity 
is considered. Obviously, however, whilst the difference 
is small at steel solidification temperatures and concentra- 
tions, MnS in the more stable phase at much lower temperatures 
In contrast, assuming unit activity of manganese, FeS should 
never be formed when manganese is present, until all the 
manganese has formed MnS. But this situation is not observed 
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Temperature (“C) 


Fig. 20. Free energy of formation 
of MnS. (Ref. 53) 

Reaction '■ Solid Mn or Fe + gaseous S 

A. acMnS = 1.0j 100 Vo Mn melt 

B. ccMnS =0 5,- 1 V. Mn melt 

C. ccMnS=0.5; 0.5Vo Mn melt 

D. ocMnS =1 0; 100 Vo Mn melt 



Fig. 21. Schematic indication of crack formation at 
the metal/inclusion Interface, causing a 
conical gap (Ref. 52) 


Type ni MnS 



Type I MnS 


700 900 1100 
Rolling temp. (®C) 


Fig. 22. Effect of rolling temperature on the relative 
plasticity of MnS (Ref. 53) 
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in practice, according to Kiessling [430 . 

Three different from of MnS-type I, type II, 
type III are commonly found in steel. The moroholoqy 
con generally he described as globular, branched rod and 
elongated or idiomorphic for type I, II, III respectively. 

* 9.2 Def ormabili ty of S te el Inchesions [43] 

The plasticity of inclusions, as compared to 
plasticity of steel phase, has a strong influence on the 
behaviour of steel. If thesteel phase and the inclusions 
are not working together during all the steeworkinq oper- 
ations, the inclusions will be a potential source of future 
defects. This is one of the reasons why a knowledge of 
the metallography of the inclusions is so important. 

Scheil Schnell [44] and Pickering Usjin his 
studies of the effect of hot working on various types of 
inclusions, measured the deformation of the inclusions in 
rolled bars on microsections parallel to the rolling direc- 
tion, viiere the deformed inclusions were visible as elon- 
gated ellipses. 

According to Rudnik, [ 46, 47ltfor .a def ormability 
index close to 1 the inclusions lengthen in the same way 
as the steel. The binding forces at the inclusions/steel 
interface are never broken, and the inclusions appear in 
microsections as ellipses without the occurance of 



73 


discontinuities in the steel caused by the inclusions. 

If ttie index of deforrnability decreases, the inclusion 
donot elongate uniformly during rolling of the steel. 
Stresses are built up at inclusion/ Steel interface whcih 
may lead to crackking. In principle, cracking occurs 
between the inclusion and steel perpendicular to the flow 
thv 3 steel. However, the direction the cracks is determined 
by tile simultaneous flov; of the steel, leading to the 
formation of conical gap at the inclusion/steel interface, 
as shown in Fig. 21 « The base of the cone is resting 

on this interface and the apex pointing in the direction 
of steel flow. The size of the conical gap depends on 
the inclusion plasticity, on rolling temperature, and rate 
of deformation. Due to the comorasive stresses in the steel 
phase peroe(dicular to the direction of flow, tha conical 
gap may be filled with steel leaving only the cracks, but 
if the steel is cold worked, the conical voids may be unfi- 
lled. Rudnik concluded from experimental evidence that 
inclusions with y) = 0.5-1 deformed normally with a low 
frequency of microcrocks in the inclusion/ steel interface. 
Those with );= 0.03-0.3 often gave fish tails with conical 
gaps, more frequently in the lower range of V- For unde- 
formed inclusions (1^=0) concial gaps and hot tears were 
frequently observed. The work of Rudnik indicates/that 
this index should preferbly be l> = 0.5-1 . The inclusion 

phase should not be molten at hotworking temperature as it 
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then deforms to thin films which flow away (hot tearing). 

It has been suggested that voids form at inclusions 


ifl?<0.5. Initial void is much smaller than inclusion 
and qrovrth occurs mainly in the direction of orinciple 
tensile stress. However, except in steels with high concen- 
tration of sulfides , other inclusions such as silicates 
are nuch more dangerous than sulfides in terms of void 
initiation and nossible link-up leading to fracture. 

The influence of temperature on the deformation 
of ..inS inclusions in steel can also be seen from Fig. 22. 

The deformability anparently increasing progressively 
from type I to tyoe III. 

The relative nlasticity increases on both type as 
rolling temperature decreases from 1200°C, but whereas with 
the type HI the trend continues to 800°C, with the tvpe I 
a maximum is encountered at 900 C. The increase in relative 
plasticity ’•■'ithi the decreasing temperature reflects an 
increased rate of hardening of matrix relative to that of 
Mn5. The change to a decreased plasticity below 9C0°C is 

apparently due to transformation of austenite to ferrite. 

Depending on the Mn: S ratio of steel and rate of 
cooling, MnS can contain variable and often large amount 
of FeS in solution. Diffusion may then occur during subs- 
equent reheating, to produce MnS which is virtually free 
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from Fa. In qaneral as tha degree of deoxidation increases, 
the sulfide morohology changes from globular typo I, through 
the eut.ictic like tvne II to the angular type III. Other 

factors, like carbon seems to be vary eff active in producing 
angular tyna III AnS, 

1 .9.3 Hot Shortness 

Hot shortness in steel is its tendency to britle 

fracture in the hot forming temperature range. This phenomena 
has been attributed to sulfur, but oxygen has also been 
considered at least to enhance the effect of sulfur, v\diiare- 
as it is well kno'wn manganese counteracts hot shortness. 

The failure of steel is related to its sulfide inclusions, 
and in its original and pronounced from, hot shortness is 
caused by the precipitation of FeS in the austenitic grain 
boundaries of the steel. 

If iron has Mn in solution, which is the case in 
almost all commercial steels, the solid solubility limit 
for sulfur in the y - phase in considerably lowered. 

This is ,sho>‘Ti in Fig. 73. Thj lower amount of sulfur in 
solid solution will thin result in a lower resistance to 
dislocation mov aments within the metal matrix. Secondly 
the sulfur will be bound to manganese instead of iron and 
precipitated as MnS if the manganese activity is high 
enough. MnS has a higher melting point than FeS (1610 c) 



1.07 Vo Mn 



Fig. 23. Part of Fe-S phase diagram (Ref. 52) 



Fig. 24. Mechanism of the ductile fracture when 
elongated MnS inclusions are involved 
(Schematic), Ref. 53 


/ 
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and the possible J^nS entectics also have higher melting 
pointsthtin tnoso with j:eS. The shear strength of the grain 
boundaries is therefore not decreased as much as with FeS 
and hot shortness may be avoided if the manganese concen- 
tration is high enough. Manganese tlierefore counteracts 
ho t-shor tnuss in two ways by neutralizing both the two 
embrittling mechanisms attributed to sulfur. Presence of 
Oxygon can form (Ff/,Jvin) 0 inclusions, thereby lowers the 
effective niranganoso content, thus promotes hot shortness. 

1.9.4 Influence of Inclusions on Mechanical Propertl^sr52l 

Thu dependence of mechanical properties on the 
micro, structure has boon known for many years. Work on 
s trungth-s tiructuro relationships was broadened to cover 
impact properties, and in recent years attention has been 
focussed on the effects of microstruc turo on ductility, 
which is an important property in connection with metal 
forming operations such as bending, and is also related 
to toughness as expressed by the ductile shelf energy. 

In recent years, increasing attention have 
been paid to the influence of microinclusions on crack 
formation and crack propagation in the steel. 

Hull [50] has shown cleavage crack can form by 
nondoformed spherical indueion =0) where the inclusion 
is uffoctivo in concentrating the plastic deformation. 
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The formation and propagation of cleavage cracks occurs 
along tlie axis of tension. Although these observation 
vjore all made on single crystals of iron-silicon deformed 
on tension, a similar analysis in polycrystalline steel is 
possible. 


MnS, as earlier discussed, with 0.5 <X><1, usually 
deform plastically with the steel. They should not be exp- 
ected to cause crack formation, although they act as a stress 
raisers in the slip planes of the steel. 


iV,n.'J, with v>l, donot act as crack inducers in 
the parent steel phase, excluding grain boundary embrittlement. 
However, tension cracks may arise from axial compression in 
an iron matrix with highly deformable inclusions. The fract- 
ured inclusions, however, serve an important role in initi— 
aiiinn failure of the steel when subseguent stressing reoriented 
from the initial compresive pattern. 


The property which are most greatly influenced by 
nonm .-tallic inclusions are those which involve ductile fai- 
lure, i.o., opening up, growth and coalescence of voids 
within the metal with increasing strain. During straining at 
room tomporaturo, the nucleation of cavities is often observea 
to occur oithor by particle cracking or by docohesion of 
particlo-matrix interface. In case of carbide such as lamellar 
cernentito in ferrite matrix, the cavitation process is comm- 
only one of carbide cracking . In case of sulfides and oxides 
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cavitation comnionly occurs by decohosion of the interface 
between the inclusion and inatrixj although inclusion itself 
may suffer subsequent damage by virtue of secondary (comp- 
resive) strains. Interface decohesion associated with 
nonmetallic inclusions occurs at very small strains, sugg- 
esting that interface has a low mechanical strength. 

Judging from the microfractographic evidence, 

MnS inclusions are understood to subdivide at first cross- 
section on which final separation takes place by the 
formation of inclusion sized cracks, as shown in Fig, 24. 
Subdivision of cross section results in a dominance of 
shear mode? deformation which leads to decreased ductility. 
Applying this concept to a microscopic dimension, the 
decrease in ductility with /i/inS inclusions can be readily 
explained by this mechanism of subdivision. 

Significant effects of inclusions are noted in 
connection vdth tensile ductility, ductility in triaxial 
ductile fracture, and situations where energy required for 
rupture is assessed, e.g., in the ductile self energy of 
notched impact tests. Inclusions have little effect on 
y.s., t.s. or tensile elongation; these properties are 
doni„ndont upon tho initiation of plastic deformation or 
upon plastic instability croiteria associated with work 
hardening characteristics. Only severely reduced fracture 
ductility would cause fracture to precede the onset of plastic 



80 



Fig. 25. The definition of plastic instability 
at strain above €* (Ref. 53) 


5“ Strain boundary 

= lnt«rfQcial tension or surface energy 
between iron grains 

^2= Interfaciol tension or surlace energy 
between iron grain and sulphide 
2 $ = Dihedral angle 

Fig. 26. Relationship between surface energy 
and dihedral angle (Ref. 53) 



Observed angle (degrees) 

Fig, 27. Experimental and theoretical 
cumulative frequencies for a 
dihedral angle of 15“ (Ref. 53) 
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inntability in the uniaxial tension test. In biaxial 
tension, however, the instability strains are much higher 

and some effect of inclusions on the extension have been 
observed. 


Dulieu and Gouch [51] have shown that the basic 
features of inclusions distributions which control ducti- 
lity also affect values in ultra high strength steels 
when fracture occurs by the ductile rupture mechanism. 
Increasing the volume fraction of inclusions decreases the 
^Ic value exhibits a degree of anisotropy 

that is directly commensurate with the effects of inclusion 
anisotropy on the ductile fracture process, i.e. transverse 
properties are inferior to longitudinal properties when 
elongated inclusions are present. 

So we see that non-metallic inclusions have a 
marked effect on many properties which are virtually impor- 
tant to the steel user. Much still requires to be done 
however, not only to understand mechanisms by which 
inclusions affect various properties, but also to establish 
quantitative relationships which will enable the properties 
to be predicted. Considerable progress has been made with 
the continued and rapid development of quantitative image 
analysing microscopy, but the ultimate research tool would 
probably bo the development of technique using the methods 
currently being developed but with the signals being 
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provided by the X-Rays generated from compositional 
differences in inclusions, i.e,, by a microprobe analysis 
tochninuo. 

1 . H ^ :i inXliG RTIO N T O GRAIN BpUNU.mY^ Ii^TEi-lFAC ES A ND 

jillACTJJRn 


According to Murr [54] surface was considered to 
ho the interface separating a solid phase particles from 
its 5.0 buratec’ liguid or vapor phase. Interface can be 
'lescribocj as nnv dividing surface that interrupts a periodic 
lattice arrangomont, or separates homogeneous phase of vari- 
ous crvstal M.ructure, or heterogeneous phase of varying 
co'iJosition and crystal structure, or both, or any combina- 
tion of tru se properties. These interfaces can be conti- 
nuous or discontinuous on an atomic scale. 


Reso.irch on surfaces and interfaces seems to have 
first dovelopod in metallurgy. Thus ours crystal growth 
tochnioues, such as melting zone, were initiated for metals, 
then transferred to semiconcfuctors. many studies of raetall- 
uroical interest should, however, be pursued or examined with 
more ref.incv’ tochniouos, especially in the field of plastic 
deformation of polycrystals, inter-and intra-grannular frac- 
tures, nucleation and propagation of fatigue cracks, role of 
surfac-s and interfaces in fatigue, and more generally the 
role of surface treatments on plasticity [55]. 
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Tho relationship between interfacial tensions 
nncJ the dihedral angle has been developed, and is shown in 
l-iq.'!6. This v-'orkTbG] was carried out on those sulfides 
vdiich occur .".t grain boundaries. 

It is suffices to say that 

Yi 

cns0 = 7 ^' (38) 

-T o 

an^' the limiting condition for this relationship is, 

Yi .< ^Y2 

■•'■1v'>n Yj^ = '^'' 2 ’ ^ becomes zero and complete grain boundary 
ponot:ntiori Is nossible. To determine the volue of 20 - the 
dihec’rr'.l nn«glo, a considerable nuraber of individual angles 
must !...- iii'.’.iGurod, nn(’ a median value obtained by plotting 
n curnul alive freeuency curve. 

In doing this, it becomes very clear that a unique 
mole docs not exist, Fig. 27, because of the shape of the 
cuTve. This is perhaps to be expected because the interfacial 
tons' one will be orientation dependent, and thus will vary 
between various pairs of grains. It is therefore only possible 
to quote an average rnediam angle value. The variation found 
in the dihedral angle for both idnS and FeS at various lYi-rS 
ratios is shown in Fig. 28. Both hnS and FeS show a minimum 
dihedral angle in the im; S ratio range 1.5 to 2,0, and much 
lower dihedral angle values of FeS together with its low 
melting temperature indicate why FeS will make a steel 
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0.5 1.0 5.0 10.0 50.0 100.0 

Mn:S ratio of steel 


Fig. 28. Effect of Mn:S ratio on dihedral 
angle of sulphides (Ref. 53) 



Fig. 29. Surface tensions for solutions 
(Ref. 53) 
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susceptible to becoming hot short, the FeS being much more 
a >lo to ;.>onotrato between the austenitic grains. 

According to Hondros [56] and Ramasubramanian [57] 
many substancos are embrittled by grain boundary segregation 
ol 1 solute, y.‘t the eguilibrium solubility of the solute in 
tnr> bulk pluase is very small. The relative intorfacial energ— 
i 'S of the segregated and unsegregated grain boundaries and 
surf ICO energius, segregated and unsegregated, of the free 
suTfneo are important in discussing the fracture of such 
I turial s . Those quantities have not been fully measured and 
thus thooritical treatments have not been quantitatively useful 

Accroding to Fine [58], the conditions for equili- 
brium surf.:.c'''s and bulk phases are that the chemical potentials 
(sro ovorywh ro ouual. If the concentrations of the solute in 
the surface phase, are known, e.g., from Auger measurements, 
the surface and grain boundary energies of the pure solvent 
can bo determined , and tho free energy versus solute fraction 
in tho bulk phase can bu established, then the surface energies 
of tho '•:e':'roqatod grain boundary and segregated surface at 
eguilibrium may bodotermined. 

A small amount of sulfur often causes grain boundary 
ombri ttlemont of iron and steel at low temperatures as well as 
at elevated temperatures. The grain boundary embrittlement 
considered to bo caused by segregation of sulfur at grain 
boundaries. Solutes like carbon, nitrogen or others may 
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Lntroract with sulfur and modify its segregation. But it is 
c'ii licult to Sj'iocify the state of sulfur ( i.e. in solid 
solv.'tJon, Ln a precipitate, or in other states, with other 
soJut<-=‘s), on which the degree of segregation and properties 
o; the spec i livens depend strongly. Studies on irory- sulfur 
alloys [ 60 ] chowod that increasing the concentration of C 
prevMited i ntrgrannular fracture and decreased the DSTT of 
■ 'll jron-nulfur alloys. The DBTT increased with the concen- 
tr. tion of suJ f nr at a fixed concc-ntrati on of carbon, ihore 
r.irbon h -d s nurtygated to grain boundaries where more sulfur 
had ac'or^'q.': tod. Tho segregation energy, estimated for 
c .r'jon to ho oijout 8 U KJ/mol, and for sulfur to be 75 KJ/mol. 
Tho sot-irerjatlon energy for sulfur is larger than that for 
phosphorous in iron, 50 KJ/mol. Hence sulfur segregates more 
readily than phosphorus for tho same bulk concentration. Sul- 
fur cousos more soyere embrittlement than phosphorous if 
comfuare-d at th*.' sumo bulk concentration. According to 
Suzuki [59], toughening due to carbon segregation is partly due 
to site competition between sulfur and carbon at grain boun- 
daries. But it is not the sole cause of the toughness impro- 
vornont. Carbon segregated at orain boundaries increases the 
grain boundary cohesion. It has been estimated that 1 atom 
percent of sulfur at grain boundaries increases the DBTT 
by 40^K. Segregated carbon attractively interacts with the 
segregatod sulfur to rocovor the boundary cohesion weakened 


by sulfur. 
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Hi'.jh t'',-nipGrQturG intergrannular fracture has 
L'uon idnnt.l I j. ud as a irode of failure in alloy steels. It 
is associatoc w.th the dynamic segregation of sulfur to 
craci<s in hard nilcrostructures stressed at elevated temper- 
ature}. According to Hippsley [60], sulfur is produced by 

d i psoln : •> on of grain boundary manganese sulfide on opened 
crack fac;;s, rtnd accumulates at the crack tip by surface diff- 
usion. Th.' sulfur can then promote fracture either by encour- 
aoini,' (k>f oh-en I,un or by reducing the cavity tip 'flank angle. 

Alloy steel, in the 'as received' condition cont- 
nln'j uuliur Inrgoly combined with other elements in the form 
of rc‘l :tiveiy l/rge sulfide inclusions. Such inclusions are 
.lie Irl'nj loci throughout the grain structure and will intersect 
sn!iV' grain boundaries . Mich temperature austenization causes 
oai'tial f'j osolution of large sulfides, enabling approximately 
3C ppm sulfur to be taken into solution at 1300°C in some 
stools. A fast guench will cause some of the- dissolved sulfur 
to remain in solution in the ferrite structure, while the rest 
precipitates out as a fine distribution of sulfides associated 
with prior-austenitic grain boundaries. Sulfides are either 
exposed by brittle incergrannular fracture, but makes no 
significant contribution to sulfur enrichment, or they are 
not present on the fractured grain boundary surface in any 
significantly greater abundance than on transgrannular surfa- 
ces. Free togr anhi c evidence taken from several studies of 
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hi oh and low tornn.-rature fracturn in embrittled, 
overheated steels suggests that, in fact, the 
n.Mall sulfides are not exposed by brittle inter- 
Mannualar frac ture. Crack tip stress was confirmed 
as an important factor enhancing sulfur enrichment. 

It was hiost effective at zones of local crack tip 
f;nr J c hmon t , and was found to encourage the releae 
of sulfijr from large sulfides where present. 

It seems likely that sulfur plays an impoi- 
tant rolo in slovj, brittle crack propagation, it 
’-'ISC both embrittle grain boundaries in steol and 
j>' sij i taoly located at the crack tip to do so udthin 
the overall fracture mechanism envisaged. 

It is apparent from many studies that dislo- 
CO Lions can arise mainly from grain boundaries. The 
maiority of the initial dislocations that appear 
duvln.) tho onset of plastic flow arise at grain 
boundaries or other interface. Follov>dng the initial 
gonorntion of dislocation at tho grain or interphase 
bound.-iries to form forests or tangled arrays, subse- 
nuont dislocation multiplication can occur within 
each grain by a double cross-slip mechanism. 

f/iany solutes inliquid metals are surf see 
active , especially, 0, S, Se, Te [61] . The effect 
of these on the surface tension of Fe is shown 
in Fig. 29 . Solute metals are less active than 


nonmotals. 



CHAPTER II 

EXPERIMENTAL PROCEDURE 


The HSL '\ steel used in the present investigations 
had the following composition ( in weight y.) in the as received 
condition ( hot rolled, air cooled); 

C 3 i S P Mn Mb V Ni Cr Cu 

.185 .16 .019 .014 .96 .062 .006 .013 .015 .011 


The regular mechanical properties of the steel were 
dc'terminini using standard tensile test specimens recommended 
by AoTiw and tabulated below. A micrograph of the steel under 
study in ns recciVvOd condition is shown in Fig. , 

Mechanical Properties 

.2’/. yiel(i strength 4 30 MPa 

Ultimate strength 525 ^iPa 

Elongation 27/ 

Room Temperature Charpy Energy 26 ft-lb (35,26 J) 

Bend tests, direct tensile tests and Charpy 
impact tests were carried out over a range of temperatures 
in order to co.rrolate fracture toughness with other mechani- 
cal properties. 




2.1 BEf'JD THST 
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^ ^ 9nd P ropar ation 


Specimens (100 ram X 20 mm X 10 mm) for the 
throe point b(’nd tost were machined from the as received 
anrjlo ( rocoivod as 130 mm X 10 mm- 90° angles). 


'■2) ELgjU strain... Condi ti o n : One important requirement 

of this test method is to limit plastic deformation by 
maintaining piano strain conditions at the crack tip. High 
triaxial stress are developed at the crack tip, if the test 
piece is thick which prevents spreading of yield laterally 
to the centre of the crack - front. The size requirement 
for test specimens to ensure plane strain is given by the 
relation 


B, a > 


a J 


Ic 


(40) 


^flow 

V/hure 3, a are tho specimen thickness , and crack length 
respectively, o flow is the flow stress which is taken as 
the average of yield stress and ultimate stress, a is a 
non-dimensional constant taken to bo in tho order of 25. 
This value might differ slightly from one material to ano- 
ther depending on tho degree to which the material strain 
hardens. 


Different specimens of varying thickness and crack 
length wore produced and tested and the values of and 
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Fig. 30. Bend specimen standard proportions and tolerences. 
Surface A is perpendicular and parallel to 
within 0.001W, crack is perpendicular to 
specimen length and thickness to within 2", 
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Fig. 31. Loading conditions of the specimen during bend 
test . 
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^flow The dimension of the test samples were 

thus consistent with the bar creiterion. The standard 
bond typo specimens were prepared according to the recomm- 
enfiod ASfM test standard E 813“81, The sample had the 
profilf? ond dimensions as shown in Fig, 30. 

The loaciing conditions of the specimen during the 
test is shown in the Fig.31 . 

b) Gpecimen Prep aration ; Many specimens obtained from SAIL, 
R.inchi, manufactured by IISCO, of the dimensions 

100 X ?0 X 10 rnm, w-.5re machined from the angle. The crack 
length to width ratio of specimen, i.e., a/W was kept 0.75 
in all the specimens. First, a slot of 1 mm width and 13 mm 
length was made in each specimen on the full thickness and 
the width direction of the specimen. This was done uniformly 
by mil.ling in all the specimens. The final 2 mm of the 
required 15 mm notch depth was cut by a spark erosion wire. 

The spark erosion machine used paraffin as the dielectric 
medium and operated at minimum gap voltage to prevent 
overheating of the crack root. The speed of the cutting was 
also kept low to create smooth cutting. 

Similar notches were cut in all the specimens 
used in the bond tests. The a/W ratio was kept consistent 
at 0,75 in all the specimens. 

All the specimens were polished on all the sides 
by automatic magnetic grinder and were free of any surface 
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defect, before testing on the bonding fixtures. 

2.1.2 Test Procedure 

Bend tests vyere carried out in a MTS floor model 
machine ( 010.12) of the hydraulic arm movement type. The 
standard bonding fixtures were fixed on the MTS. Initially 
a test was conducted at room temperature. A specimen was 
mounted on the fixtures and the bottom rolls were adjusted 
to give the required span length of exactly 80 mm. The 
point of appilieation of load, P, on the specimen was properly 
fixed with the help of telescopic viewer. The cross head 
motion was fixed at the rate of 1.5 mm/ sec. Proper scale 
wore chosen for tho load and displacement measurements on 
the X~Y recorder. A plot between load and the displacement 
of the load point was obtained. The test was stopped once 
tho load dropped due to the initiation of the crack and the 
point of maximum load was pin-pointed. The area under the 
curve, A, i.o. measured till the maximum load, gives the work 
done on the specimen to initiate the crack. This area as 

described earlier related to the J-value by the equation 

Y 2a 

■^1 ~ Bb 

whore B is the specimen thickness and 
b is the ancracked ligament 
Correction of Load-Displace ment Records. 


Several sources of coincidental displacement are 
included when load displacement in three-point bonding is 




(a) Specimen in standard (b) Specimen in position 
testing position. for post test determination 

of displacement correction 
using insert block. 

Fig. 32. Bend test apparatus with specimen in position 
for testing and for correction determinations 
after the test. 



Note '.‘correction* 
area is based on 
same final load value 
as used in determining 
area (A) 

'Correction* curve 
'Correction* area 
(A)“(B) 'Correct* area 


Displacement 


Fig. 33. Methods of applying correction for coincidental 
displacement to load -displacement records. 
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measured from the loading pin relative to the test base. 

The major errors are due to elastic deformation of the 
various test fixture components and the elastic and plastic 
indentations of the specimen by the loading pin and suppor- 
ting rollers. A method for correcting the test record for 
such coincidental displacement has been discussed by 
Buzzard and Fisher [20]. The experimental set up for deter- 
mining coincidental load point displacement is illustrated 
in Figures 32 and 33 . 

A l')loc!c of the same material and material condi- 
tions as the support block was inserted into the span gap 
of the support block. The support rollers were butted 
togothor to provide a span as close to zero possible. An 
undoformod part of the specimen was then placed in position 
on tho butted rollers with the same orientation as in the 
tost proper. A load versus load point deflection record was 
obtained as described in the previous section with the highest 
load slightly in excess of the maximum load achieved during 
tho bond tost. This is described in Fig. o2 • 

In determining the test record was primarily 

used to obtain tho area under the load-displacement curve. 

A simple and direct method used for determining the correc- 
ted area under tho load-displacement curve is depicted in 
Figures 32 and 33 • The area under the coincidential 
displacement curve was simply substracted from the area 
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under' the primar"/ test cur've to ■yield the corrected, area 
for the test. No replotting is necessary in using this 
procedure, thus conser'ving much time and effort in analy- 
zing test data. 

The area was measured by using Planimeter, which 
is one of the most accurate methods of measuring area under 
the curve. 

2,1.3 Bend Tests at Various Temperatures 

The bend tests were carried out over a range of 
temperature starting from 440°C upto 727°C which is sli- 
ghtly above the entectoid temperature in a floor model MTS. 
Tests were conducted at SO'^C, 440°C, 490°C, 603°C, 693^C, 

^11 °C, 718°C,727°C. 

Suitable thermocouple i.e., chromel-alumel 
thoromocouplo were soldered to each specimen. Samples were 
soaked in a furnace at about lOOO^C for 30 minutes. The 
specimens were then taken out and fixed on the bending 
ficturos as quickly as possible and the temperature monitored 
continuously. The test was started when once the required 
temperature was going to be reached. In each test, the temp- 
erature was noted at the point when the load dropped after 
reaching the maximum load and test was stopped and specimen 
taken out. The total duration of test was limited to 1-2 
minutes. Strain rate remained constant for all the temper- 


atures 
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Fig. 34a. 
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Profile and dimensions of direct tensile 
test specimen. 
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Fig. 34b. Charpy impact test specimen. 
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Fig. 36. Load -displacement records for three point bend 
tests for various heat treatments. 
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Fig. 37a. Variation of fracture toughness (Jj) with temperature. 
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The cross-head speed and corrospending strain 
rate was kept constant for all the tests carried out at 
different temperatures. The load displacement records were 
plotted on a separate X-Y recorder and corresponding areas 
under the load-displacement plot were determined. From 
these areas the coincidental displacement area (discussed 
above) was substracted to obtain the respective corrected 
areas. The J-values were calculated using the relation 

T - Zh 

'^1 ~ Bb 


whore A is the area under load-displacement, 

B is the thickness 

b is the unbroken ligament. 

Low tomporaturo tost results from-170®C upto 340^^0 were 
available from an earlier investigation. 

Those Jj^- values were plotted against the 
tomporature. Fig, 37 (a), 

J, at room temperature was determined for three 
Ic 

different crack lengths, which can be used as a design 
creiteria without going through the conventiona, cumbersome 



determination. 


2.2 straight tensile TEST 

Tensile specimens of the same steel were machined 
according to the dimensions shown in Fig,34(a). Strainght 
tensile tests were carried out at temperatures 400°C, 
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Fig. 40. Determination of Jiq for various crack lengths. 
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532 C, 620 C, 700 'C, Tho tests woro conducted in the 
flo<'r nioclol Ins tron 1195, The specimens were mounted on 
a specially t'.ijsiqnod grips. Tho furnace temperature was 
brought to the required one and specimen along with the 
grips wero introduced inside and properly monnted at bothj^ 
ends,, Onc^-' tho specimen attained the required temperature 
whicfi was again monitored by a thermocouple attached to its 
Centro, tho tost was conducted. Generally, it took around 
20 minutes to soak the required temperature before the 
tost started. A cross head speed of 1 mm/ min corrosponding 
to t strain rate 6.67 X lO"""^ soc”^ was used at all tempera- 
ture ti'S ts. The load-displacement plots were obtained for 
all tho specimens at different temperatures and converted 
into, (..ngino jring stress versus engineering strain plots 
after applying machine corrections. All those plots have 
bC/'.-n proisontod in Fig, 39. 

Low temperature results from 30°C upto 250*^C 
were t<'iken from an Garlier investigation. Engineering 
strain at froctuio versus temporaturo, UTS versus temper- 
ature anci YS versus temperature wore plotted, will bo 
disc us sec' in the next chapter. 

^•3. NOTCHED BAR If4PACTTEST 

2.3,1 Spocimont Design and Preparation.;. 

Samples were cut from the block. Specimen has 
a square cross-section ( 10 mm X 10 rami and contains a 
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45 V nt itch, ? mm deep with a 0.25 mm root radius 
acccrc; i nc; lo standard specification fo a charpy test, as 
sh'Hvn in Fiq. 34 (b). 

2.3.2 Tost Pr o cedure 

Tests were carried out on a charpy impact mach- 
ine ov('r a range of temperature. A complete cooling curve 
of the Gample resting on the machine anvil was obtained 
from a temperature starting from 800°C which gives the 
tlrni' taken to ro»ch any desired test temperature before 
th'.- conduct of a series of impact tests since the temper- 
vituro v^as measured by inserting a chromel-alumel thermo- 
cottf)li,' into a cylindrical hole terminating at the notch 
plane, the tost temperature would, correspond in a far as 
possible to the toniporature at the plane of fracture. 

In actual tost, striker of the charpy impact 
matchino •(■■•.■is roloasod as soon as the sample reached the 
tost teniperaturo while on tho anvil of the machine and 
fracture ont.Tgv noted. Tests wore carried out from 4G0^C 
to 730°C, which is slightly above the ontectold temperature. 
Low tc^'peraturo tests from-130^C upto 300 C were available 
from a previous study. 

2 , 4 F.loctron Mcro Probe Analvsor and Scanning Electron 
Aacroscopy 

Scanning Electron Fractographs and X-Ray micro- 
analysis were enreiod out in a JEOL Electron J'viicro Probe 
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Annlysor ( mociel JC X A -733) operating at an accelerating 
volti^ge ol 20 KV with probe current J X 10 and pressure 
insiHe the chamber was 10"^ torr. It can operate at a 
maximum voltage of 50 KV. 

I’racturod samples were chosen from room temperature 
up to 727*^0 nnc' some of the heat treated samples. X-Ray micro 
analysis was done for room temperature sample to know the 
r!i s tri bution of microconstituents on the fracture surface, 
microconstituents being sulfur and phosphorus . Both the 
secondary and back scattered electron mode were studied for 
SEm f ractoqraphs, which will be discussed in detail in the 
next chapter. 

2*^ THAMS.-JSSION ELECTRON M ICR OSCOPY 

TEM study of a zone immediately behind the 
fracture surface prodticed in the CVN and bend tests was 
carriec' out to determine the presence of precipitates, if 
present, in the microstructure and also to know the mechan- 
ism oi fracture’ Dark and bright field images as well as 
selected area diffraction pattern (SADP) were taken besides 
normal TEM pictures. 

The instrument was operating at an accelerating 
voltage of 300 KV. 

TEM samples were chosen from CVN tests at room : 
tomperaturo and 730°C and bend tests from room temperature 
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The salient features of the micrographs will be 
discussed in the next chapter. 

2 . 6 OPTICA L MICROSCOPY 

Some of the heat treated bend samples are 

presented in Fig. 47, besides room temperature tested bend 
sample and will be discussed in the next chapter. 



CHAPTER III 


RESULTS AND DISCUSSIONS 

3 . 1 BEND T EST RESUL TS 

The values calculated from the load-displace- 
ment plots of the bend tests, carried out at different temp- 
eratures are tabulated as follows: 


Temi'ernture (°C) 


-ivo 

12.82 

- b9 

45.01 

- 21 

140.07 

- 10 

168.92 

+ 28 

255.00 

+.115 

250.00 

+190 

209. 7J^ 

+•276 

210.00 

+340 

268.59 

+440 

424.81 

+490 

689.023 

+603 

499.75 

+693 

328.78 

+717 

388.98 

+718 

332.49 

+727 

306.59 




CHAPTER III 


RESUL TS AND DISCUSSIONS 


3 . 1 bend t est resul ts 

The values calculated from the load-displace- 
mont plots of the bend tests, carried out at different temp- 
eratures are tabulated as follows: 


Temi'ernture (°C) Jj^(KJ.rn^) 


-I'/O 

12.82 

- 59 

45.01 

- 21 

140.07 

- 10 

168.92 

+ 28 

255.00 

+.1L5 

250.00 

+190 

209. 7L 

+•276 

210.00 

+340 

263.59 

+440 

424.81 

+490 

689.023 

+603 

499.75 

+693 

328.78 

+717 

388.98 

+718 

332.49 

+727 

306.59 
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Those results have been graphically plotted taking 
values nn ordinate and temperature an abcissa. This is 
shown in Fig. 37. From 'this graph it is obvious that 
values increase with temperature from subzero temperatures 
to high temperature level. This indicates that the fracture 
toughness of the steel under investigation increases with 
tomporature. There is a sharp decrease in values in 
going from to -80°C as shown in Fig. 37. Therefore 

there exists a ductile to brittle transition in using 
as a material property. After this, from 25°C to 230^^0 
exists a plateau region in the curve which signifies a 
minimal cnange in the Values. Above 230°C, there exists 
again a stoop increase in the values upto 490°C. The 
plateau in the versus temperature plot corrosponds to the 
dynamic strain ageing appearing in the direct tensile tests 
over those temperature range are given in a succeeding 
section and analysed. After 490°C, there is sharp decrease 
in values upto 730°C. The reason for the decrease discu- 
ssed earlier, due to hot shortness or presence of deleto- 
rious sulfide inclusions, v/ill be discussed later. 

The brittle fracture of material continues to be a 
problem of major technological importance and one of the 
more interesting aspects of brittle fracture is its relation 
w'ith temperature. When the temperature is decreased many 
materials undergo a ductile to brittle transition, with the 
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rosui tinQ IrncturG surfac© boincf eithar of ths clsavag© 
or Qrain bouncJary typo, as rov©ol0d by SE/'l fractographs 
and bv slow bend test and impact test carried out over a 
nnqu ol tomporntures. Tho crack is simply following the 
path of lowest fracture energy determined by the amount of 
plastic v/ork plus tho true surface energy of th© fracture 
surface. Wum the tvimporature is decreased, the dislocation 
mobility will bo docreasod, probably without much change in 
the Ihooritical fracture stress and this will promote brittle 
fracture. At tho higher temperatures the specimen absorbs 
much <'n rgy as ductile failure occurs, but at the transition 
tamper a turo, the energy needed to initia"'’© a crack from the 
notch root wldch ultimately will lead to the breaking of the 
spu'Cimon suddenly becomes very much smcallor. The transition 
temperature is sensitive to a number of metallurgical variables 
of which purity and grain size are most important, but with 
steels, the exact he-'t tr )atment also matters much. 

Occurance of low temperature brittle fracture is 
associated with the bodv-centred cubic metals. This is 
more pronounced in the presence of impurities which form 
intertidal solid solutions. Tho most important element is 
carbon in iron which, if present to the extent of only a 
few parts per million, will case the metal to undergo a 
ductile-brittle transition. 



ohaip yield point in the stress — strain curve is 


116 


intr^.duod by intertitial impurity atoms. This is a result 
of the str. nq asymmetric distortion which these atoms produce 
in the b.c.c. structures v/hich causes them to have a large 
interaction energy with the stress fields of dislocations. 
Strong dislocation locking will take place, so that v^hen 
plastic deformation occurs it will bo either by the sudden 
avalanche of dislocations which are torn from their solute 
atmospht.'ros , or by the rapid movement of nowly generated 
dinlocati^'ins, which have no solute atmosphere. In either 
ca‘U' the' cfvnditions are suitable for the coalescence of 
dislocati m to form crack nuceli, for tho first dislocations 
to move are acted on by a high stress, and thus will have a 
high velocity. As the temperature is lowered, the yield 
stress rises sharply which is again a characteristic of 
b.c.c, metals. In terms of dislocations this moans that 
Pciorls-Nabarro stress in b.c.c. metals is strongly temper- 
ature dependent. Consequently , first dislocation to be 
mobile will move rapidly at lower temperatures, and the 
chances of forming crack nuclei will increase. 

At low temperature, there will be less plastic 
blunting of the crack due to difficulty in plastic deforma- 
tion, and propagation will occur more readily. 

A brittle fracture is characterized by separation 
normal to the tensile stress. Outwardly there is no evidence 
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of c!e f orra.ttlon. A cleavage fracture appears bright and 
(jj. annu 1 nr , oiving to the reflection of light from the flat 
cloavnge surface. The process of brittle fracture consists 
of three steps, plastic deformation involving the pile up 
of dislocations along the slip plane at an obstacle, build 
up of shear stros at the head of the pile up to nucleate a 
'.licrncrack, stored energy drives the microcrack to complete 
Irnchuro ud thout dislocation movement in the pile up. In 
rnntiJs, a distinct growth stage is observed in v;hich increas- 
ed stress is required to propagate the microcrack. 

A fluctilo fracture is characterized by a cup and cone 
typi‘S separation. Nocking begins at the point of plastic 
Instability where the increase in strength due to strain 
hard(-nin(i fails to compensate for the decrease in cross-sec- 
tional area. The formation of neck introduces a triaxial 
st.jte of stress in the region. Many time cavities form in 
those rwoton and under continued straining these grow and 
coalesce into the central crack. This crack grows in a 
direction p».'rpendicuiar to the axis of th'c specimen until 
it appro. 'chu'S the surface. It then propagates along locali- 
zed shear pianos at rnughly 45 to the axis to form the cone 
Dort of the fracture. The voids which are the basic source 
of ductile fracture aro nucleated hetorogonoously at sites 
where compatibility of deformation is dirficult such as 
inclusions, second phase particles, grain brundaries etc. 
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The presence of notch in bond specimen can alter the 
ductile to brittle transition of steel. A notch creates 
a local stress peak at the root of the notch producing 
trlaxial stresses. Plastic flow begins at the notch root 
tills local stress reaches the yield strength of the 
inatorial. Duo to this, general yield stress of a notched 
specimen is greater than the uniaxial tensile stress because 
it is more difficult to spread the yielded zone in the prese- 
nce of triaxial stress. The triaxial stress state results 
in no tell strengthening in a ductile metal, but in a mater- 
ial prone to brittle fracture the increased tensile stresses 
from the plastic constraint can exceed the critical value 
for fracture before the material undergoes general plastic 
yielding. I^btch also produces high locally concentrated 
strain. The accompanying strain hardening can lead to 
ductile void formation that can become converted into brittle 

cracks , 

Figure 40 shows estimation at room temperatures. 

For thru.; different crack lenaths, a bend test is carried 
out at room tomporaturo . Dospito the existing scatter, the 
muasuroments show that is ossentlally constant and can 

bo directly used as a design crelteria without going through 

todius dotormination. 
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3.2 TEN3IL 3 TE ST RESULTS 

From the versus temperature curve, it is 
observed that there exists a plateau region, i.e., in f-e 
temperature range of 30°C to 230°C. There is not much change 
in the value of in this temperature range. 

Straight tensile tests were carried out at four 
different temperatures. Some datas were taken from previ- 
ous stuc’y. The results are tabulated below: 


p^'rnturo, OC 

’A Elongation 

UTS(MN.m"^ 

30 

27.09 

525 

130 

20.16 

474 

180 

20.00 

505 

222 

21.20 

502 

250 

22.16 

480 

400 

18.00 

388.06 

532 

10.40 

137.2 

620 

8.20 

125.17 

700 

6.60 

96.62 


Serrations that appeared in the load-displacement 
curve over the temperature range of 130 C to 222 C correspon- 
ding strain aging gives rise to a plateau in the versus 

The occurance of strain aging is fairly 


temperature curve. 
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QGn0r<3l phonoroonon in rnetals* Th© r©appearance of "th© 
yield point is clue to diffusion of carbon and nitrogen 
atoms to th© dislocations during the aging period to form 
atmosphoros of interestitials anchoring the dislocations. 
Support of this mechanism is found in the fact that the acti- 
vation energy for the return of the yield point on ageing 
in good agreement with the activation energy for the diffu- 
sion of carbon in a-iron. 

S'^rrations arise from successive yielding and 
ageing while the specimen is tested. If the speed of the 
dislocation is low, it may be able to move by dragging its 
atmospheres of impurities along behind it. At higher velo- 
city the dislocation pulls away from the atomsphere and a 
yield drop occurs. Since the solute atom mobility is 
high at the temperatures at which discontinuous yielding 
occurs, new atoms move to the dislocations and lock them. 

The process is repeated many times, causing the serrations 
in the stress-strain curves. 

For plain carbon steel discontinuous yielding 
occurs in tho temperatures regions of 100 to 3GC°C. Another 
interesting aspect of dynamic strain ageing is that when it 
occurs the yield stress of a metal tends to become independ- 
ent of temperature. This is evident from the tensile 
curves plotted at different temperatures. 
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From previous study, it was clear that the 
dynamic strain ageing has a direct eTfect on fracture 
creiterion This is the reason for plateau region of 

Jf versus temperature plot. The serration disapeared in 
the 0 tress-strain curves above 25U°C. So there is a corro- 

spondin'-j change in the fracture curve aslo. j values again 

. increases n n 

sharply above 250 C to 490°C. 

Engineering strain at fracture or elongation, 
e^j is measured from engineering stress-r engineering strain 
curves obtained at various temperature. Variation of e^ 
with temperature is plotted in Fig. 41, There is a decrease 
in values upto 220°C (dynamic strain ageing region) and 
then increases as the temperature increases. 

Ultimate tensile strength (UTS) can be obtained 
similra'ly from tensile testing curves, and by using the 
following formula, 


wliore is the maximum load and is the original 

crosS“SOCtional area, UTS versus temperature curve is shown 
in Fig. 41. Subzero values are obtained from the load- 
displacement curves of slow bend test. There is slight 
change in UTS values below 0°C, but there is sharp increase 
in UTS values (ductile-brittle transition region) and after 
that UTS decreases continually with temperature. 
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Yield strength ^vs) can be obtained by using 
the followinij relation[62] ; 


Y 


2P S 
BW 


where Y - Yield strength of the material 


(41) 


I'laximum load 
3= Specimen bend span 
V'^= Width of the specimen 
B-- Thickness of the specimen 

.low considering stress field present in tensile testing is 
similar to bend test, we can use this equation for calcula- 
ting YS. 


For bend tests, S = 80 mgi, B= 10 mm, Vf = 20 mm. 

Variation of YS with temperature is shown in 
Figure 41 . At subzero temperatures, YS is almost constant, 
there is a increase in YS value above 0°C and then it decrea- 
ses with the increase in temperature. 

YS is important /when considering the effect of 
dislocation motion on the fracture of materials, since it 
is the rate at which a material can deform at a crack tip 
that determines the effect of plastic deformation on frac~ture 

In recent years • controversy has existed concer- 
ning the origin of the temperature dependence of yield stress 
in BCC metals. One group of investigators felt that the 
temperature dependence of yield stress was an inherent 
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property oi the BCC metals and that attempts to modify it 
roquireo an alternation in the basic electron building. 
Another group felt that the temperature dependence was 
largely duo to the interfacial impurities in the metals 
and that if they were made sufficiently pure^ the temper” 
ature dependence could be markedly reduced. Strong support 
for the intorfacial impurity argument has developed in 
recent years and examples of the change in the yield stress 
at low temperatures with increasing purity has been found 
in literature ,[65], The problem with using these findings 
to develop industrial alloys is associated with the trace 
amounts of impurities that have a strong effect on the low 
temperature yield stress. 

o^ UTS, YS values obtained at various temperature 
are tabulated below: 


Temperaturo 

UTS (MM.m^) 

=f'‘‘ 

YS(AiN.m4) 

-170 

80.72 


66.47 

-59 

91.30 

- 

75.188 

-21 

89.99 

- 

74.096 

-10 

88,66 

- 

73.010 

+30 

525 

0.26 

208.398 

+130 

505 

0.2134 

188.784 

+180 

505 

0. 2000 

201 . 04 

+222 

502 

0.1967 

196.14 
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Fig. 43. 
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Temp ora turo °C 

UTS (MN.m^ 

®f 

YS(iW.m^) 

+250 

480 

0.2167 

191.22 

+400 

385 

0.3120 

167,80 

+532 

137.2 

0.5040 

112.978 

+620 

125.17 

0.3880 

71.38 

+700 

96.62 

0.5980 

52.173 

The flow curve 

of many metals in 

the region 

of 

uniform plastic deformation can bo expressed by the 

simple 

powoi curve relation : 

0 = K 


(42) 

where n is the strain- 

hardening exponent 

and K is the strength 


coofficiont, , cr and B aro true stress and true strain values 
a and G can be obtained from engineering stresses 
and onqinooring strain, e values occording to the following 
roalti on 

a = s (e+1) (43 a) 

e = In (e+1) (43 b) 

Taking In on both sides of equation (42) we get 
In o = ’ nK + nln 6 

Log-log plots of true stress and true strain at various 
tomporaturos are shown in Figure 42 . The linear slope of 
these straight lino plots is n calculated for various 
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tempGratiiros and tabulated below: 



/’OrsX 



30 

0.2890 

130 

0.4152 

180 

0.9240 

222 

0. 6250 

250 

0.3009 

400 

0.2245 

532 

0.0895 

620 

0.0584 

700 

0.1250 


n, strain hardening exponent is plotted as a function 
of tomporature is shown in the Figure 43. It increases 
with temperature upto 222°C and then it decreases like 
exponential manner. 

3 • 3 liVlPACT TEST RESULT S 

The principal measurement from the impact energy test 
is the energy required in fracturing the specimen. The 
energy abosrbeed at various temperatures ranging from subzero 
to as high as eutectoid temperature is tabulated below; 



131 


Temperature (°C) 

Impact Energy 
(ft-lb) 

Impact Energy 

1 ft-lb=1.356 J 

f 

o 

4 

5.42 

-70 

6 

8.14 

-36 

8 

10,85 

^9 

9 

12.20 

+30 

26 

35.26 

+100 

58 

78.64 

+200 

58 

78.64 

+300 

73.74 

100.00 

+■400 

36.87 

50.00 

+500 

41.29 

56.00 

+600 

56.04 

76.00 

+730 

79.64 

108.00 


The impact energy versus temperature plot shown in Fig. 38 
shows the transition region from ductile to brittle mode of 
fracture. Energy absorbed increases with increasing 
temperature till 100°C. This increase does not occur sharply 
at certain temperature. This is due to the fact that there 
is no one constant temperature at which this ductile-brittle 
transformation occurs for a given metal. Impact energy 

decreases from 58 to 36.87 ft-lb in the temperature range 
100*^C to 400°C. This decrease in impact energy corresponds 
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to the plateau region in the versus temperature plot. 
This is because of dynamic strain ageing phenomenon which 
occurs in this temperature range. This phenomenon is 
also callod’blue brittleness’ generally observed in low 
carbon steels. 

It has been found from an earlier investigation 

that there is a shift in transition temperature from the 

versus temperature plot to impact energy versus temp- 

oraturo plot. The shift is from -32°C to 55°C. This is 

attributed to vast difference in strain rate effects in 

4 -1 

tvjo tost procedure about 10 sec in CV'N and only 
6.67 X 10“'^ Sec”^ in bond tost. Therefore, it is clear 
that one has to be careful in using fracture toughness 
obtained from different test procedures. After 400°C, there 
is increase in impact energy values upto 730°C. 

3 . 4 COJVIPOSITE Cb'RVES 

From CVN values, values are calculated as 

follows : 

= A(CVN)^/^ (44) 

- 1/2 -2 

whore A is a constant having the dimension of N .m 
and its numerical value depends on the tost procedure and 
type of steel. 

The relation between and is aa follows; 
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J 


1 



(45) 


where ie the pcfisson's ratio and E is the modulus of 
elasticity. Putting the value of Kj_ from equation we have, 


J^=( 1- -^2) 


(46) 


v/e can extrapolate the J versus T and CVN versus T curves to 
find out the value of J and CVN at 0°K. Since at 0°K, 
material is perfectly brittle, it is reasonable to compare 
and CVN. 

-wO o 

Now Jj^ = 7.5 KJ. m ' at OK from direct measurement 
of from bond test, 



CVN = 3 Joules at 0°K from CVN test 
E = 2.07 X '0^^ N.m"^ 

A comes out to bo 4.04 X 10^ N^/^.m“^. So the equation (46) 
becomes, 

Jj, = 2.5 X 10^ CVN (47) 


values can be calculated from the Jj^ (obtained from 
experiment) values according to the equation (45) . Vte can 
rewrite the equation as, 

(48) 


K, 


T n 4/2 

Ji • ^ —I /o 

[»4_ ] AiN.m 


1-/ 


Using the equation (47) we can calculate converted 


and datas are tabulated below: 
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Tomporaturo °C 

CVN(J) 

Converted 

from CVN 
(KJ 

-130 

5.42 

13.55 

1 

o 

8.14 

20. 35 

- 36 

10.85 

27.13 

- 9 

12.20 

30.50 

+ 30 

35.26 

88.15 

+100 

78.64 

196.60 

+200 

78.64 

196.60 

+300 

100.00 

250.00 

+400 

50.00 

125.00 

+500 

56.00 

140.00 

+600 

76.00 

190,00 

+730 

108.00 

270,00 

Using the 

equation (48) 

we can calculated from 


oxporinion'tsl vbIugs snd dsitBS btg ‘tabulB’tod bGlowj 
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TompoarnturG, 'C 

Experimental 


"170 

12.82 

54.63 

" 59 

45.01 

102.38 

CM 

1 

140.07 

180.60 

- 10 

168.92 

198.33 

+ 28 

255.00 

243.68 

+115 

250.00 

241 .28 

+190 

209.71 

220.98 

+276 

210.00; 

221.14 

+340 

268.59 

250.09 

+440 

424. 1 

314.52 

+4 90 

689.023 

400. 56 

+603 

499.75 

341.14 

+693 

328.78 

276.70 

+717 

388.98 

300.97 

+718 

332.49 

278.25 

+727 

306.59 

267.20 

CVW versus tomperaturo and Jj^ vorsus 

temperature 

graphs nro shown in Fig. 

38 and Fig. 37 rc 

spoctively. Fig. 37 

1 

also shows converted 

vorsus temperature 

and converted 


vorsus tomporature graphs. 
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The natur© of the three curves is similar upto a 
certain temperature. The scatter in the value is due to 
various factors, will be discussed in the next section. 

One of the reason for the scatter in converted 
and experimental values is discussed below. 

Converted Jj^ values are actually dynamic values 
■'•hereas experimental values are obtained from slow bend 
test, GO bend test gives static The dynamic and static 
values [32 ]related to each other by the following 
expression 

J (dynamic) = (static) 

whore a is called relative crack speed and given by a = 
where 5 is the crack speed and is the speed of sound 
in metals. 

3 . 5 EFFECTS OF HEAT TREATAiIHNTS AND OPTICAL MICROSCOPY 
RES ULTS 

Fig. 45 shows the effect of heat treatment on the 
room tomporaturo values of which shows that depending 
upon the boat treatments a two 'to three fold Increase in 
fracture toughness is possible. Some of the heat treated 
and bend, tested samples are presented in Fig. 47, showing 
that plastic deformation is concentrated essentially in 
the vicinity of crack tip supporting some of the basic 
assumptions in the theories of fracture. 


0|m» 




Fig. 45. Variation of fracture toughness (Ji) with different 
heat - treatments . 




Temperature (**C) 


13 



Time (min) 


(a) Normalizing followed by tempering 



(b) Water and oil quenching followed by 
tempering 



(c) Martempering 



(d) Austempering 


Fig. 46. Model heat-treated cycles employed for 
present study. 











i-icj. 46 shows model cycles employed for heat treat- 
rnont.s lor our present study. 

/vig temperature determined according to the following 
relation,M^^ (°C) = 550 - 350><C-40/<Jvin - 20/^Cr-17j<Ni-35j/h/-10^Cu. 

As discussed in the literature, normalized steels 
show an improvement in the fracture toughness as a result 
of ph'se recrystallisation which produces a more dispersoid 
f orri to/cementi te conglomerate with an overall improvement 
in mechanical properties. 

Quenching followed by tempering helps in reducing 
brittleness and stress due to hardening. The formation 
of tempered martensite helps in inproving fracture toughness 
value. Quenching followed by high temperature tempering 
ns employed in our study, raises the tensile strength, yield 
point, reduction in area, besides toughness. High temperature 
tempering followed by rapid cooling can avoid temper brittle™ 
ness. 

In martomporing, fracture toughness improves consider- 
bly and there is a less danger of crack propagation owing to 
tho pr-sonco of greater amount of retained austenite and possi 
bility of self-tempering of martensite. 

Best fracture toughness can be obtained by producing 
lower bainitic structure in austempering, but in our present 
study it is lower than in martempering. This is" due to 
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in^juf ficiont cooling rate during experiment. Salt bath 
furnace containing mixtures of 55>< Potassium Nitrate and 
45/ sodium Nitrite cannot produce the cooling rate requ- 
ired for prorlucing completely bainitic structures. So a 
mixiur'.' of phases are produced. 

^ ^ . £f f o.c t_ o f Micr q_stru ctur e o n Tra ns ition Temperature 

At a given strength level, the transition 
tomnc’ra turn of a steol is determined by its microstructure [6/] 
For oxam> = , if the major microstructure constitutents found 
in st'uls, ferrite displays the highest transition temper- 
-ituro, followed by poarlite, upper bainite and finally lower 
balnitv' and tempered martensite. The transition temperature 
of each oi these constituents varies from thc} temperature at 
which the* constituent formed and where applicable, the 
tomioura turo at which the steol was tempered. In practice, 
the cooling or quenching rate and time temperature transfor- 
mation churac toristics of a steel ( including the conventional 
harduneability) determine the resulting micro structure or 
mixture cf microstructures . The transformation character- 
stics, in turn, arc controlled by the alloy composition, 
austenizing temperature and austenite grain size. Generally, 
treatments that produce microstructures with inferior room 
temperatures fracture toughness also raise the transition 
temperature. Isothormally transformed lower bainite has 
superior fracture toughness, and a slightly lower transition 
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temperature, than tempered martensite. However, mixed 
s true Uiros , which result from incomplete bainitic treat- 
ments causing partial transformation to martensite, have 
lower fracture toughness and much higher transition temper- 
ature than either 100 /. tempered martensite or 100 / lower 
bainite. Thus it is important that bainite treatments be 
carried to completion to avoid the adverse effects of 
mixed structure. 

3.6 ELECTRON MCRO PROBE ANALY SER AND SC.^^NING ELE CTRON 

n iil ftP W i i ii i n - W41 ■ n UBiiidi 

NiICR OS COPE RESULTS AND EFFECTS OF MICROSTRl CT URjLOM 
FRACT U R E TOUGHNE SS 

From the photographs in Fig. 48, we 
can observe the distribution of micro~cons cituent elements. 
;.':nKa and S-Kc X-Ray image show the distribution of sulfur 
in the form of manganese sulfide and phosphorus in the form 
of manganese phosfide or compounds of both, l'/inSP 2 * These 
elements have deleterious effects on the mechanical properti 
GS especially toughness. The corrosponding microstructure 
shows the presence of inclusions and crack nucleation zone 
at room temperature. 

Secondary electron image of two spots show at 
room temporature that fractur: is predominantly brittle 
with some void formation. 
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Cleavage fractures is produced at -low temperatures, 
imoer a condition of high triaxial stress that is, at the 
root ol tho notch . It is typically of b.c.c, metals. 

It is apparent from room temperature SEM fractO“ 
graphs that fracture plane changes orientation from grain 
to grain. The change of orientation from grain to grain leads 
to a very chaotic overall appearance of the fracture surface. 
The origin of the main crack may be carbide particles at 
grain boundary present in microstructures of HSLA steel. From 
the p.’irfcla, which is small, crack propagated through the 
surrounding grains by cleavage. 

Quenched and tempered microstructure showed that 
failuru occured by void nucleation, grov/th and coalescence. 
Microvoids are initiated at oxide and sulfides inclusions, 
carbides and also at imperfections such as microporosity and 
microcracks. Some of the voids spaced closely enough to 
irapingo upon one another . Tho fractographic examination 
indicated that these linking mocrocracks occured locally as 
mode I opening cracks. The presence of particles may also 
assists void formation by providing a surface of low cohesive 
s trength which separates by tension, or by undergoing fracture 
with tho halves of the fractured particles moving apart by 
plastic flow of the matrix. The individual voids then- join 
by necking of the matrix material between the voids. There 
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(a) 



(b) 



(c) 

Fig. 48 SEM fractographs from J[j^®®^^°ristics^with^electron 

^™?op?crK^"?ntensity mapping (a) SEI,R.T. (b) - 

(c) S-Ka. 


Ka 





ooint bend tests et room 
le spot (f) 3't 21CPCfSEI. 




U; . 

i-O* 48 sem fractoqraphs from three • •-, 

3) 730® C> SEI (h) Water quenched and tempered, S-I (1) o 

nenched and tempered, Scl* 
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(m) 


Fig. 48 SEM fractograph from three point bend test (m) aus 
tempered, SEI of another spot. 
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is cjenu-ral plastic flow throughout the whole specimen 
before fracture occurs. 

Martempered structure shews the presence of dimples 
formed by second phase particles. 

tustempered structure shows fine distribution of 
dimples corumensurate with the fine scale distribution of 
carbides, carbonitridos, sulfides etc. Secondary electron 
image of aus tempered structure of different spot shows 
presence of cleavage facet, making the fracture quasicleavage. 

Normalised and tempered fractrograph shows dimpled 
structure slightly distorted forming a network. The dimples 
arc of the type of tear dimples. The elongated microvoids 
that b coiiu'S tear dimples are formed in a narrow band just 
ahead of a well developed crack front . Some cleavage facets 
also observed in this fractograph. 

In ductile fractures, size and shape of dimples 
arc seldom , uniform. In engineering materials with an 
appreciable variation in size and shape of the precipitate 
particles, dirnplus may exhibit a wide range of dimensions. 

The occurance of mixed fractures usually indicates 
that interacting influences have caused the fracture to 
depart from cither limiting mechanism. Grains with different 
orientation mav have lower resolved normal stresses and can 
undergo plastic deformation and exhibit a ductile mechanism 
of fracture -often dimple formation by microvoid coalescence 
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Treatments that produce microstructures with 
inferior room temperature fracture toughness raise the 
transition temperature. Spherodization treatments can 
improve fracture toughness by reducing strength and by 
eliminating ferrite plates, which are paths of easy clea- 
vage fracture in pearlite. Presence of austenite inhibits 
the fast propagation of cleavage fracture in some ferritic 
and martensitic steels. 

3 . 7 E FFECTS OF NON ivlETALLIC INCLUSIONS ON FRACTURE 
T OUGHNESS 

Discontinuities in the form of inclusions, such 
as oxides, sulfides have been identified as initiation 
sites of ductile fractures in steel by several investigator 
[‘66 ] and evident from our fractographs. At relatively low 
strains, rnicrovoids form at inclusions, either by fracture 
of the inclusion or by decohesion of matrix-inclusion inter- 
face. With additional straining, the rnicrovoids gro® to 
the size represented by the large dimples. During final 
fracture, many small dimples fromod at fine particles. SEM 
fractographs consist of many large, snallow dimplus mixed 
with small dimples, that appear to have been nucleated durii 
the fracture process by numerous, relatively coarse sulfide 
particles. Many small dimples were nucleated by small carbi 

particles. 
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Nonmetallic inclusions usually form from deoxi- 
dation products or slag, but may also result from the 
intentional addition of elements such as sulfur to enhan- 
ce machi nibility. 

Among the different types of inclusions, as 
discussed earlier, sulfides is one of the most harmful in 
decreasing the value of fracture toughness. Both globular 
and stringered ( i.e. elongated) inclusions have a detrimen- 
tal effect on reduction of fracture toughness, it is much 
more severe for stringered inclusions than the globular 
inclusions. Stringered sulfide inclusions help in promoting 
olon^jated dimples, as is evident from our fractographs, in 
contrast to the more equiaxed ones. X-Ray microanalysis 
showed presence of finS and lvinSP 2 in the presently investiga- 
ted steel. Some of the inclusion nucleated voids spaceddose 
enough so that they impinged upon one another. Above the 
D3TT, the flow stress is lowered so that plastic relaxation 
at the microcrack: tip prevents the achievement of the criti- 
cal stress intensity for cleavage. Then the microcrack 
distorts into void that grows and eventually links with 
the main crack. In the latter case, the microcrack can 
occur either by through-particle cleavage or by decohesion 
of the particle-matrix interface. 

Elongated sulfide inclusions can result in 
longitudinal cracking along inclusions, whilst bending norma! 
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"to rollinn direction gives oxcollont bonds. 

Cavitation commonly occurs by decohesion of the 
interface botwoun intorfaco and matrix although inclusion 
itself may suffer subsequent damage by virtue of secondary 
(compressive) strains. Interface docohosion is associated 
vdth non~motallic inclusions occurs at very small strains, 
suggesting that interface has low mechanical strength. 

During straining at room temperature, the nuclea- 
tion of c'vitios is often observed to occur either by 
particle cracking or by docohosion of particle -matrix 
interface. In case of c'^rbidos such as lamellar cementite 
in ferrite matrix, the cavitation is commonly one- of carbide 
cracking. ' 

Normalised and tempered fractograph show sulfides 
arc- broken with some ■deep cavity. : 

Energy associated with elongated inclusion- 
matrix intorfaco becomes extremely large and can result in ; 
partial sph..r' -idisation of inclusion during heat treatment. 
This ability of olongatod sulfides to sphoroidise at elevated 
tompornture reduces their detrimental effect and it has been 
found that substantial improvement in toughness achieved by , 
the use of heat treatments. 

As the yield strength of the steel decreases with; 
increasing tempering temperature, the plastic zone size : 
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inc' ro,. and there is increased opportunity for fracture 
to ui-oij.qate along austenite grain boundaries. Eventually 
zon ■ sizo hecoinos gr ,o,ter than the austenite grain size 
and a fully i'acetted structure may then occur if sufficient 
gr.iin boundary embrittlement has occured. These facets 
conr.lstr. of numerous fine ductile dimples which are nucle- 
ated by yorv fine particles of iVinS. 

So wo see, fracture of sulfide inclusions appears 
1-0 play a key role in initial crack extension, both by 
c J a'f and ductile dimpled rupture. 

I'lAKS.. J SSI ON E LECTRON iV-ICROSCOFY R ESULTS 

THF, photographs haye shown in Fig. 49 for CVN 
snnipl"!; and Fig. 50 for bend samples. Some of the features 
icK'-n t3 fi cable from these photographs. 

Study of dislocation has been intense oyer recent 
years ninco their properties goyorn the mode of plastic 
flow in crystals. In electron microscope , dislocations can 
bo rcyoalod as a result of certain diffraction conditions 
arising from the displacement of the atoras from their posi- 
ti.ons around tho dislocation line. With an odgv, tho disp— 
laceiTiu-nts produce compressive strains above the dislocation 

line, and tensile strain at the bottom of the dislocation 

/ 

lino. For screw dislocations the displacements produce a 
helical strain field. In general dislocation is characteri- 
zed by tho magnitude and direction of the slip movement 








Fig*/i9 Transmission electron mi 
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(g) 


Fia.5C Transmission electron micrograph showing micro structure 
fr6m throe-point bend tests at room temperature (a)SADP 
from Non-Pearlitic region (b) DF image (c) Same 
(hi B F. image (d) area of small precipitates (e) another 

of pricipitate (f) samo area as {e5, lower magnification 

(q) SADP. 
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/! . '.vitii it, i.c., the Burgers vector. 


of the difficulty of cross-slip, dislo- 
f, ilhs.u- in of low stacking fault energy will tend 

!o • ! ii' 11} .iqainst any obstacles in their path e.g., 

,\n'f f n >-<■, i pi I ite present or grain boundaries, as is evident 
i rosa I'i'i, 49. In the bright field image, because of 
Bi.' i-^nntrast, they appear as black lines whereas contrast 
i*', reversiv! in the dark field image. 

Theories of flow stress and work hardening depend 
on the p irticular dislocation distribution which is assumed 
tcj exist in the cold worked metals. Dislocation pile— ups are 
assume! with the formation of immobile lengths of Lomer- 
Cottroll locks and these are barrier to the ^glide disloca- 


tion'.. In our steel, pile ups and dislocation interactions 
[iroducinq those locks have been observed. Type of disloca- 
tion rti'ilribution is determined by the stacking fault energy 
of tho metal or alloy being considered. Pile-ups are defini- 
tely known to occur with metals of low stacking fault energy. 
,,nrc recently, as a result of electron edcroscope investiga- 
tions, attention is being paid to the importance of jogs on 
..islocations. During glide many dislocation loops are formed 
as a result of tho cross-slip of screw dislocation at jogs 
whon they are holJ up at an obstacle. 

Distribution of dislocations in our present study 
is different in each group and can bo summarised. In groups 
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(■^ ) ! ' i i t ’• -uf IS , stacking faults, complex networks, deformation 

I'.vi.iis f)ro(iucec' {ii ) dislocation occur in irregular network 

whicii ’.niil.' up into a cell structure with increasing dG'-or-- 
i.'.'i t I '>ri . Tills well structure consists of boundaries contai- 
ns ri’i density of c’.islocations separated by regious 

'■ihicii -re relatively dislocation free. 

Generally speaking, dislocations in b.c.c. 

-isot.ilr. rire arranged either in regular or irregular networks. 
t'''*twnrks are formed by the interaction of dislocations. In 
thif: way nubboundaries and sessile dislocations can be 
f^'und, iJucleation of dislocations can occur at grain 
bouru'tirios , twin bouns’,<3ries, polygonization walls, precipates 
and dtiring glide. 

In b.c.c. metal many slip systems may operate 
during {.information, and by using selected area diffraction 
(S .D) technique it is possible to examine this in some 

d,‘tail. 

(SADP) in Figure 49c, samples taken from room 
temper 'ituro CVN tests, shows ferrite twinning which appears 
to bo dominant mode of deformation at ambient temperatures 
und^»r impoct loadin': though the exact transition temperature 
has not boon determined, twinning doesnot appear at higher 
tomporaturo say beyond 400°C. The SADP sample taken from 
D/N t.st at 730^C after cooling to room temperature, shows 

cluster of precipitate particles 


diffraction spots from a 
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of c’iCfurjnt micro-constituents. Tho c’iffraction spots 
can bo inrloxoci according to (i) very strong spots-f errite, 

(ii) tho contra! set of spots with modium intensity arranged 
ns tvj-' invortoc; equilateral triangles and other related 
spots with appropriate symmetry- two NbC (cubic) y particles 
with n nutual rotation of 6C^ around [ill] and the weak 
spots immediately behind those of MbC as belonging to Nb- 
thv, electron beam along [ill] of NbC; (iii) a lateral sot 
spC'ts going through the centre and. other related spots 
(nfit clearly visible) of medium' intensity as belonging to 
I nS, Th..; TE*Vi observation compliment SEiVi obs.'rvations 
nh''vvln.’ the presence and distribution of second phase particles 
nn'’ their influence on the fracture characteristics. 

Thv SADP of room temperature tested bond specimens 
h‘W, sh'wn in the; figure 50g*Tho interpretation of SADP is 
glv.'.'n bw.'low: 

R s= distance from central spot to transimitted 

spot. Now R = 3.65/2 = 1.825 cm = 18.25 mm. 

We know, cl = ^ = camera const .nt/R 

= = 1.97 a . 

18.25 mm 

Within the experimental error, assuming, 6 ^ 2,027 

the (hkl) value of the spot as shown is (Oil) [63]. 

Indexing of other spots can be carried out in 


a similar manner. 
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Similarly, (hkl) of spot shown in Fig. 50a is 

( 112 ). 

3 . 9 deter :.', I N ATION OF p_ 

Activation energy, Q, can b': calculated according 
to the foJ lowing equation, 

Jl = JiQ+Ji* exp ( -Q/KT) (49) 

whore Jj_q =7.5 at 0°K from versus temperature 

curve, 

J*=constant for a particular temperature 
Q =activation energy 

-5 -1 

K =Boltzmann constant = 8.64 X 10 eV.K 
Equation(49)can be rewritten as, 

(Jl-Jio) = Jx " ^l'*' 

Taking In on both sides, 

In = In - Q (50) 

Q can be obtained from In versus plot, as shown in 
Fig, 44 , Datas required to calculate Q, are tabulated 


below: 
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Toinnora- 

turo 

(®C) 

Tempera- 

ture 

(°K) 



In J 

X 

-173 

103 

112.36 

5.32 

1.671 

- 59 

214 

54.08 

37.51 

3.624 

~ 21 

252 

45.92 

132.57 

4.887 

- 10 

263 

44.00 

161.42 

5.084 

-h 28 

301 

38.45 

247.50 

5.511 

+115 

388 

29.43 

243.50 

5.495 

+ 1'<0 

463 

24 . 998 

202.21 

5.309 

+268 

543 

21.31 

206.92 

5.332 

+340 

615 

18.81 

261 . 09 

5.564 

+440 

715 

16.18 

417.31 

6.033 

+490 

765 

15.12 

681.52 

6.524 

+603 

878 

13.18 

492.25 

6.198 

+693 

968 

11.96 

321.28 

5.772 

+717 

992 

11.66 

381.48 

5.994 

+718 

993 

11.65 

324.99 

5.783 

+727 

1002 

11.55 

299.09 

5.700 


Frora Fig. 44, 

Slope - = - tan 9^ =“tan (^ 7 ^ 5 ) ” 0*26 eV. 

= 0.26 eV. 

• ^ 

1 


Atomic density of (lOO) plane in b.c.c. a Fe = 
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wlnGITG G ■“ SirlG of l3«C#C* 

a for a-fe = 2,8664 % 

Now 1 eV = 1.6 XIO"^*^ J = 1.6 X 10“^^ erg 


Therefore »Q 2 = 0.26 X- 


(2.8664 X lO"^)^ 


X 1.6 XIO 


-12 


506.31 ergs . cm 


-2 


Atomic density of (110) plane, which is the most closest 

t: 2 _ ^ 

pockod plono in b.c»c* oc^ te 

V 2 b 

Q = 0.26 X X 1.6 X 10 

2 (2.8664 XIO 


12 

2 

a 


716. 0358 ergs . cm 


again from Fig. 44, 

-Qi = 


- tan bn 


4 - f 3 . 25 n 
tan ( ”Y5~-' 


= -0.216 eV 


Therefore 


Qi 


0.216 eV 


For (100) plane, = 0.216 X 


1.6 X 10' 


-12 


(2.8664X 10"®)^ 


420 . 6299 ergs, cm 


-12 


^ V Ar2 X 1.6 XJ^ 

For (11 eo plane, 0.216 X ^2.8664 X lO-®)^ 


-2 

594.86 ergs, cm 
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(lOO) and (llO) planes are chosen because 
actual plane where crack is occuring cannot be determined. 

It has been found in literature [54 and .61] 
that for pure Fe, value of Q is approximately 2000 ergs/cm^. 
So we see that there is a significant lowering of Q, The 
reasons for this are discussed in literature and have been 
included in theory section [56,57,58,59,60], Grain boundary 
segregation of sulfur may causa the decrease in Q and thereby 
can lower tho energy required for cleavage crack propagation, 
helps in promoting brittle intergrannular fracture and 
increase tho ductile-brittle transition temperature (DBTT), 
Sulfur can accumulate on opened crack faces in the form of 
MnS, thereby promotes decohesion of grain boundary . 

Slopes and Q 2 are slightly different because i 

of tho different mechanisms acting at different temperatures, 

■¥: 

also evident from the values of J^. 

Q =0 for dynamic strain agoing region, may be 
due to very high diffusion rate of carbon atoms. 
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3.10 COftlPARISION WITH THE LITERATURE VALUES OF 

Very little work has boon carried out in this 
p.roa since tho mc'thod has boon only recently approved and 
standnrizod. Consequently very little information is 
available. Tho problem of low teraporaturo brittleness 
of materials continues to be an important one and there are 
many basic questions that are yet unanswered. 

Davis [21] has done some work in this field. 

Our values of at room temperature is near to the value of 
Joyce [22]. He obtained value for the type HY 130 steel 
which is a medium carbon low alloy steel. Cutler and 
Krishnadev [67] investigated the effects of ageing on as- 
rolled plate of a copper-bearing steel. The impact data on 
quenched and tempered line pipe steels has been summarized 
by 3oyd [68] matches well with our study. 



CONCLUSION 


The concept of J- integral and J-estimation 
through bend test procedure, thus well suited our study 
of J~dependence on temperature, Charpy impact tests and 
tensile tests conducted over the temperature matched well 
with the Jj versus temperature curve. Strain rate effects 
on various procedures have been noted. An attempt was made 
to see the effects of sulfur content and sulfide morphology 
on fracture toughness by using Electron Micro Probe Analysis, 
Scanning Electron TAicroscopy and Transmission Electron 
AtiLcroscopy. Fracture of sulfide inclusions appears to play 
a -key role in initial crack extension, both by cleavage by 
dimpled rupture. The higher value of transition temperature 
has been attributed to the presence of these microcons cituents 
This work is a kind of first attempt to investigate fracture 
toughness d.ependence of temperature and undertaken to oxp.and 
the body of knowledge by identifying microstructural effects 
on opening mode (Mode~I) cleavage and dimpled rupture resistan 
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